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This paper presents a modelling procedure to take into account the capacitive effect at
high frequencies, in Eddy Current Non-Destructive Characterization (EC-NDC) of
Unidirectional Carbon Fiber Reinforcement Composite (UD-CFRC) rods. To simulate
the complete EC-NDC systems, first, the multilayer circular air coil is physically modeled
by a finite element (FE) axisymmetric eddy current model coupled to equivalent RL
circuit. Each layer of the coil is represented by an equivalent resistance (R) in series with
the equivalent inductance (L). Secondly, R and L of the coil layers are computed for
several frequencies up to 5Mhz, and then introduced into the equivalent RLC circuit with
considering inter-turn and interlayer capacitances. Then the inversion problem is solved
in order to identify all inner capacitances of the coil. Finally, the UD-CFRC rod is
introduced into the FE eddy current axisymmetric model coupled to an equivalent RLC
circuit, as a homogenized conductive material with an equivalent transverse conductivity.
The coil with the presence of the homogenized UD-CFRC rod is then modeled as a
transformer with a secondary connected to a capacitor in parallel with a resistance in
order to evaluate the inner capacitor of the UD-CFRC. All evaluated parameters are then
introduced in the last model. The comparison between the computed impedance parts and
the measured ones shows a mean error less than 2% and a maximum one of 5% according
to the frequency.
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1. INTRODUCTION

Unidirectional carbon fiber reinforcement composite rods,
are used in an important number of industrial applications,
particularly in civil engineering [1]. These materials offer a
low density, high strength and stiffness, relatively low
maintenance costs and non-corrosive behavior as compared to
traditional materials [1, 2]. However, these materials, like
traditional ones, are subject to degradation and ageing due to
environmental factors and accidents. In order to maintain the
safety needed by the composite structures, the use of Non-
Destructive Testing (NDT) techniques is required. Different
NDT techniques can be used to detect the defects in CFRC.
Eddy Current NDT (EC-NDT) technique is widely used for
CFRC in recent years [3].

Usually, according to the form of the studied structure, the
EC-NDT working frequency must respect the condition: "skin
depth need to be less or equal to the rod radius or the plate
thickness". This frequency is very high in the case of CFRC
target, it can be up to 2MHz. This is due to the low
conductivity of these materials and the low diameter or
thickness of the studied structure forms. Therefore, design and
analysis of the EC-NDT systems of CRFC, require the
precision models where the high frequency phenomena must
be taken into account. It should be noted that these phenomena
appear in both eddy current probe and target CFRC.
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The electromagnetic properties of CFRC target, like as
electrical conductivity tensor, are very important input
parameters of the EC-NDT model. It must be determined
accurately. It should be pointed out that that UD-CFRC rod
materials have a longitudinal electrical conductivity less than
50000 S/m [4-6] and a transversal one less than 200 S/m [6-9].

Due to highly anisotropic properties of the UD-CFRC
materials and the capacitive effect, new methods and models
must be carried on to understand their behavior and to evaluate
all important parameters. This is the main purpose of this paper.

2. METHODOLOGY
2.1 Experimental setup
The experimental setup (Figure 1) contain:

e A precision LCRmeter: Frequency sweep from 20Hz to
5MHz and voltage source up to 2V.

e  Unidirectional CFRC rods: Dimensions given by Table
1 according to geometric system given by Figure 2.

e Two solenoid coils: coil 1 with 24turns, 2 layers and
coil 2 with 138turns, 3 layers. The dimension of the coil
2 is given by Table 1 according to geometric system
given by Figure 2.


https://crossmark.crossref.org/dialog/?doi=10.18280/rcma.310202&domain=pdf
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Figure 1. Experimental setup performed with a precision
LCRmeter

Table 1. Dimensions and electrical parameters of CFRC rod

and coil 2
UD-CFRC rod Height 300 mm
UD-CFRC rod diameter 15.9 mm
Height of coil 31.7 mm
Coil inner diameter 16.5 mm
Coil external diameter 21.7 mm
Copper wire diameter 0.55 mm
Coil turn number 138
Coil layer number 3
UD-CFRC rod transverse conductivity ot 81 S/m
Copper conductivity 58 MS/m
Coil external diameter :
Coil inner diameter ——— Symmetric axis

CFRC rod target

;
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Figure 2. Geometric definition of EC-NDE of CFRC rod

2.2 Global computation procedure

To illustrate the high frequency behavior of air coils, the
measuring of real and imaginary impedance parts according to
frequency up to SMHz is done using a precision LCRmeter.

As appears in Figure 3, no resonance point is observed for
coil 1 up to the maximum frequency, but for the coil 2 a first
resonant point is detected at 1.2MHz. This is due to the fact
that the number of turns in coil 2 is higher compared to the coil
1. Therefore, the equivalent capacitor of the coil 2 is more
important than the coil 1 one.

The capacitive effect inside the coil 1 could be neglected
when the effect of equivalent inner capacitor of UD-CFRC rod
is ignored. This capacitor is outcome from the displacement
currents between the fibers through the polymer matrix.
Authors [8-10] proposed the equivalent electric circuit of the
laminated UD-CFRC materials applied to the contact volt-
ampere-meter conductivity measurement. Figure 4 shows the
electrical diagram (Figure 4a) inside a UD-CFRP and
equivalent circuit proposed by Jones et al. [11]. There is only
the conduction current type in the parallel direction of the
fibers that expressed by an inductance in series of a resistance.
But, the two current types (displacement and conduction) arise
in the transversal direction. The conduction current is due to
the contacts of the adjacent fibers modeled by a resistance. The
displacement current appears for a high frequency, is due to
the dielectric nature of the media between fibers, it is modeled
by a capacitor.

The impedance variation of the coil is computed by the
difference between the impedances with and without presence
of the UD-CFRC rod. During the EC-NDC of these materials
the impedance variation of the coil 1 is used to evaluate
transversal electrical conductivity [6].

Due to the important number of carbon fibers impregnated
in the rod and their size compared to global dimensions, the
UD-CFRC rod is replaced in the FE axisymmetric model by
the homogenized one with an equivalent tensor conductivity
according [4-6].
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Figure 3. Measured of real and imaginary part of EC-probe impedances without presence of CFRC rod target
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(a) (b)

Figure 4. Electrical diagram inside a UD-CFRP a) Simplified
electrical diagram of UD-CFRP, b) Possible equivalent
electrical circuit of UD-CFRP

FE eddy current model coupled to RLC equivalent circuit
can be used to evaluate the capacitors of the coil and the UD-
CFRC rod inner capacitor. This evaluation requires the multi-
frequency analysis. The inversion of the model takes a lot of
time, due to the important number of iterations. To reduce the
computation time, a quick procedure given by the successive
steps below is proposed.

a. Computing impedance of coil 2 according to frequency,
using a FE axisymmetric eddy current model coupled
to RL equivalent circuit without CFRC-rod.

b. Introducing the obtained impedance into the RLC
equivalent circuit (Figure 5).

Measured Impedance (Zes)

Inverse problem algorithm (Figure 6) is applied to
evaluate the equivalent inter-turn capacitor C1, C2, C3,
and inter-layer C12 and C23 with considering the
dielectric dissipation resistances (RC1, RC2, RC3,
RC12, RC23). The goal function is minimized using
batt algorithm optimization (BAO).

d. The homogenized UD-CFRC rod with equivalent
tensor conductivity evaluated using coil 1 as [6], is
introduced into the FE axisymmetric model coupled to
RLC equivalent circuit.

1
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Figure 5. Air-coil equivalent circuit with and without UD-
CFRC rod
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Figure 6. Inverse problem algorithm to compute

The complete equivalent circuit model can be represented
as a transformer model, with the air-coil in the primary and the
homogenized UD-CFRC rod in the secondary short-circuited
to capacitor in parallel to resistance.

The equivalent inner capacitor Cr of the UD-CFRC rod can
be obtained manually using the FE axisymmetric model
coupled to RLC equivalent circuit, by the verification of the
experimental first resonant point of the coil.

All evaluated parameters are introduced into the FE eddy
current model coupled to the equivalent RLC circuit, to
calculate impedances as a function of frequency. Then, they
are compared with the measured results.
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The FE models coupled to equivalent circuits and the
inversion algorithm are implemented in both GNU software,
FEMM [12] and Octave [13].

3. MODELING APPROACH

3.1 FE axisymmetric model coupled to RL equivalent
circuit

Figure 2 show the geometry of the experimental setup to be
modeled. The FE axisymmetric eddy current model coupled to



RL equivalent circuit is expressed using magnetic vector and
electrical scalar potentials Av. The FE formulation in the sub
regions k, of the coil turn with the same imposed voltage U,’(E

can be written [14-16] as bellow:

0( 04N o oA\ . . U
E VF —E 'VE — JWOc, +O'CO

2t (1)
=0
Ug, = —2mr-grad V,
= R’,celke +](1)R;{e f UC,OA, ds (2)
Ske
R, =2m / f ol ds 3)

Ske

All coil turns through which the total current I flows, are in
series. The current I, in each turn k. of the coil layer k;
according to the currents Iy, in the conductor sub region, is
given by:

“4)

The coil applied voltage according to the layer voltage Uy,
can be expressed as:

)
with,
U= ) U, ©

where,

A': Modified magnetic vector potential (T-m?), 4'=(0,74,,0);

o = Oco
co r

Oco=5TMS/m;

: pulsation of current I (rad/s); w=27f;
[ is the working frequency;

with g, is the copper conductivity [S/m],

!

v = % with u is the Magnetic permeability of air,
1=4n10”7 H/m;

Rke': DC resistance of the conductor sub region;

I, and Uy,: Electrical current and voltage on the layer k;;
[1= ]2 = [3 =...= Ikc = Ikl = I,'

N¢: Turn number in each layer;

N;: Layer number of the coil.
The formulation in air domain, is given as follow:

ff a ([ ,0A a [ ,0A _ 0
0, 0T VY or 9z\" B
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3.2 RLC equivalent circuit

The proposed equivalent electrical circuit of the three layers
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of coil without presence of the UD-CFRC rod is given by
Figure 5. Where, the inductances L;, L, L3 and the resistances
R, Ry, R; of the layer i are given by the FE axisymmetric eddy
current model coupled to RL equivalent circuit as a real and
imaginary parts of the layer impedance that computed as:

Im (ﬂ)
U I
R = 7e (_k) Ly =~k =123 ®

l Ikl

The equivalent impedance Z,, of the layer k; with

Cq . . . R
considering the equivalent capacitor Cy, (Z¢cy, = ﬁ
Ky Ck;
of layer i, is expressed as:
Zi Zck
L=k, =1,2,3,..,N, 9)

Zop) = ———
KU Zy, + Zey,

The total impedance Z.. of the three layers considering the
equivalent capacitors C;,, C»; (Figure 5) between layers is
expressed, by using the delta/star transformation [17], as:

Z — Z€12C12
AT Zoy + Zop + Zc1s
ZeZZCH Zelzez
(Ze1 2oy + Ze1s T Zs3) (Ze1 20y + Ze1s T Zezs) (10)

ZeaZciz + ZerZes
Zel + Zez + ZC12

+ ZC23 + Ze3

where, Zc;> and Zcs are the equivalent impedances of C;, and
C»; with considering the dielectric dissipation resistances.

All capacitors of the coil are evaluated using the inverse
problem algorithm illustrated in Figure 6. The difference
between the measured and computed impedances, expressed
by the goal function F, is minimized until verification of the
convergence criterion. The inverse problem goal function Fg

1S written as:
2 2
<Rmk - Rck> (Xmesk - Xck>
_— + [ | —.
R, KXoy

Ny
1 Z 1
N¢ o] 2
where, R, and X,,,, are successively real and imaginary parts
of the measured impedance at the frequency point k.

R, and X, are successively real and imaginary parts of the
computed impedance at the frequency point £.

Ny: is the number of measured points.

The inner capacitor of the UD-CFRC rod will be evaluated
manually using the FE axisymmetric model coupled to RLC
equivalent circuit given in next sub section.

Bat algorithm optimization [18] implemented in Octave® is
used to minimizing the goal function.

Fg = (11)

3.3 FE axisymmetric model coupled to RLC equivalent
circuit

To take into account the capacitive effect in the UD-CFRC,
it will be modeled by a solid conductor in parallel with a
capacitor and a dielectric losses resistor. The coil layers are
also replaced by the solid conductors in parallel to capacitors
and resistors.



The complete equivalent circuit model can be represented
as a transformer model.

Eqns. (1) and (2) that written in the sub domain turn coil
remain unchanged. Eq. (4) becomes:

Nekce
R 12
ke = kg = ke = 5 (12)
ke=1 ky

The total current I, is obtained by dividing the input voltage
by the computed impedance given by Eq. (9):

Uin

I =
anl

(13)

Eq. (6) remains unchanged but (5) is rewritten by several
equation using meshes law of Kirchhoff applied to the
electrical equivalent circuit illustrated in Figure 5.
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To write the FE formulation in the homogenized UD-CFRC
rod target we replace a,, will be replaced by o; in Eq. (1).
of % with o; is a transverse conductivity of the UD-CFRC
rod [S/m];

Eq. (2) is also written for the UD-CFRC by replacing the
conductivity as above.

The equivalent inner capacitor C, of the UD-CFRC rod is
be obtained manually using the presented FE axisymmetric
model coupled to RLC equivalent circuit, by the verification
of the experimental first resonant point of the coil.

4. RESULTS AND DISCUSSION

Figure 7 shows both the real and imaginary parts of the coil
impedance measured with the LCRmeter and computed using
the classical model where the capacitive effect is neglected.
The both cases, coil only and coil with UD-CFRC rod are
considered.

T
1500

without capacitines
_._o_n_Cinmpulud Air Coil
without capacitances

2000 |
S000 1000

1]

| = Measived Air Coil |
= = = Mensured Coil #CFRC
Computed ColH-CFRC |
. without capaeitances |
U g, Commputied Air Coil | 4
1 without capaci tances

-5000 -

Imaginary Part of Impedance [Ohm]

k 5000 o

IMHe  LiMHe 1.2MHe 1.3MHz 1.-Il't'llilz

0 IMHz

2MHz 3MHz 4MHz 5SMHz

Figure 7. Computed and measured impedance without considering capacitors

We can see that the classical model diverges after the
frequency of 0.5MHz. Consequently, from this frequency the
capacitive effect is very significant for the considered coil.
Thereby, the classical model is not convenient for the
frequency greater than 0.5MHz. The proposed approach in this
article, allows this effect to be taken into account for all
frequencies.

On the other hand, the measurements show that the presence
of the UD-CFRC rod affects the resonant point of the coil.
Where, the resonance frequency increases and the amplitude
of the impedance decreases. For the considered coil, the
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frequency at the resonant point for coil only is 1219 kHz and
become 1223 kHz with presence of UD-CFRC rod. At the
resonant point, the amplitude of the impedance for coil only is
14.5 kQ and become 13.8 kQ with presence of UD-CFRC rod.

These observed phenomena are exploited to evaluate the
equivalent inner capacitor C,. of the UD-CFRC rod, using the
proposed model.

Table 2 show the equivalent capacitors evaluated using the
procedure that illustrated in subsection 2.2.

After introducing all evaluated equivalent capacitors to the
FE axisymmetric model coupled to RLC equivalent circuit



with the presence of the UD-CFRC rod, the impedance is
computed for several frequencies up to SMHz and then it is

Table 2. Identified parameters of the model

compared to the measured ones (Figure 8). We can see that the G G (8] Ci (&% C:
computed impedances obtained with proposed model follow 55pF 65pF 75pF 100pF  120pF  50uF
exactly the measured ones. A mean error less than 2% and a Rar Rez Rcs Rz Rcas Rczs
maximum one of 5% are observed. 21.4kQ 21.4kQ) 21.4kQ 50kQ 50kQ o0
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Figure 8. Computed and measured impedance with considering capacitive

5. CONCLUSION

In order to taking into account of the capacitive effect in
eddy current NDC/NDT model of UD-CFRC rod, a new fast
procedure is proposed. The inter-spire and inter-layer
equivalent capacitors of the air coil are firstly evaluated using
the RLC equivalent circuit and the FE axisymmetric model
coupled to RL equivalent circuit. Then the FE axisymmetric
model coupled to RLC equivalent circuit is applied to identify
the inner capacitor of the UC-CRFC, by adjusting the resonant
point.

To show the effectiveness of the proposed approach, the
computed results are confronted to the measured ones, with
and without considering capacitive effect. The comparison
between the experimental and simulation results, shows a good
concordance with a mean error less than 2% according to
frequency.

The proposed approach can also be used in the case of the
stratified CFRC plate, but the 3D model is required.
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NOMENCLATURE

NX<Cxo=~—"02>»

magnetic vector potential, T.m2
capacitance, F

frequency, Hertz

electrical current, A

radial coordinate, m

electrical resistance, Ohm
voltage, V

electrical potential, V
reactance, Ohm

electrical impedance, Ohm

Greek symbols

Ot transverse conductivity of the UD-CFRC rod, S/m
L magnetic permeability, H/m

Subscripts

Zek, equivalent impedance of the coil layer ki

Fe objective function or goal function





