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Abstract: To ensure efficient inspection using the magnetic flux leakage (MFL) method, generating a
flux density near the saturation level within the tested material is essential. This requirement brings
high flux density conditions in the system’s pole regions. Hence, leakage flux within the slot is
excessively triggered, leading to distortion of the defect signal. In this context, the system dimensions
stand out as one of the most significant factors affecting the mentioned flux distributions. Therefore,
various alternative solutions with different system dimensions arise in the design process of the MFL
system. This study proposes a magnetic equivalent circuit (MEC) model to achieve optimal system
design. The proposed MEC model is designed considering the nonlinear behavior of the material,
leakage flux, and fringing effects. Verification results demonstrate that the MEC model consistently
tracks the finite element analysis (FEA) results in calculating the flux densities. Furthermore, the
relative errors in the flux density calculations of the tested material are at a maximum level of 10.2%
and an average of 5.2% compared to the FEA. These findings indicate that the proposed MEC model
can be effectively utilized in rapid prototyping and optimization procedures of MFL system design
by providing fast solutions with reasonable accuracy.

Keywords: nondestructive testing; magnetic flux leakage; magnetic equivalent circuit; finite element
analysis; nonlinear solution

1. Introduction

Magnetic flux leakage (MFL), one of the nondestructive testing methods, is an effective
and reliable technique that detects anomalies such as cracks, metal loss, and corrosion in the
structure of magnetic materials [1,2]. Critical materials of industrial importance, such as oil
and gas pipes [3], tank floors [4], steel ropes [5], and railways [6], are inspected by the MFL
method. Safe material usage is ensured by conducting this inspection process periodically.

One of the essential steps in the MFL method is the defect characterization process [7].
Defect characterization refers to estimating the physical properties of a defect, such as
length, width, and depth, by evaluating the MFL signal. At this stage, depth information is
a vital parameter that needs to be identified [8]. The main challenge in determining the
depth is that the relationship between the physical depth and the signal amplitude is not
linear [9]. This relationship involves varying complexity depending on factors such as the
magnetic and physical properties of the MFL system components and the flux density level
of the material under test. The inappropriate combination of these factors will make MFL
signals difficult to interpret and make it challenging to estimate defect depth information.
Therefore, a system design that considers the mentioned factors becomes crucial for an
effective defect characterization.

The finite element analysis (FEA) method stands out as a tool that provides accurate
and precise solutions in the design of electromagnetic systems [10-12]. FEA can analyze
complex designs incorporating magnetic materials by considering the nonlinear behavior
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of these materials [13]. On the other hand, in studies such as design optimization and
rapid prototyping, excessive time-consuming processes arise due to the high computational
volume. This problem is escalated by large numbers of mesh assignments and leads to
costly hardware requirements. Therefore, it seems impossible to overcome this problem
using the FEA method.

Magnetic equivalent circuit (MEC) analysis based on Kirchhoff’s law offers a faster
alternative solution. MEC is a permeance network in which the permeances corresponding
to the primary flux paths of an electromagnetic system are modeled as a set of intercon-
nected lumped elements [14]. Although the MEC method has less accuracy than FEA, it has
a lower computational cost due to reduced model complexity [15-17]. These advantages
make it an effective means of optimization for electromagnetic systems [13,16]. Addition-
ally, the desired level of accuracy can be achieved by modeling the sufficient number of
permeances corresponding to the flux paths.

There are few studies in the literature about the magnetic circuit of the MFL system.
One of the studies [18] is about optimizing the system parameters using the magnetic
circuit method. Another study [19] presents multi-objective optimization of the system’s
magnetic circuit using the genetic algorithm. In the study of Wang et al. [20], the effect of
the eccentricity value of the magnets on the inspection is examined by using a simplified
equivalent magnetic circuit of the system. However, in these studies, critical factors such as
leakage flux and the material’s nonlinear behavior are not considered when designing the
magnetic circuit. However, an efficient magnetic circuit design can only be achieved by
taking into account the leakage flux and the nonlinear behavior of the magnetic material.

In this study, an efficient and reliable MEC model that can be used in the design of any
MFL system is presented. In this context, our primary goal is to design an MEC model that
not only models a specific MFL system but also adapts to systems with different dimensions
and parameters. For this purpose, in addition to the main flux of the magnetic system,
factors such as leakage flux and nonlinear behavior of the magnetic material are taken into
consideration when designing the MEC model. Furthermore, the fringing effect caused by
the air gap in the transition region of the main flux to the tested material is also considered.
Finally, the performance of the MEC model is tested based on various MFL systems created
in a 3D FEA environment.

The rest of this article is organized as follows. Section 2 presents the general principles
of the MFL testing, MFL system flux density distributions, and the flux types taken into
account in the MEC design. Section 3 presents the designed MEC model and dimensional
parameters of the MFL system. Furthermore, the leakage flux permeances calculation
is shown in Section 3. Section 4 explains the iterative algorithm used to calculate flux-
dependent magnetic permeances. Section 5 includes the performance evaluation of the
MEC model based on results obtained from FEA studies. In addition, the calculation times
of the MEC model and FEA studies are compared in Section 5. Ultimately, in Section 6, the
evaluation of the findings achieved in this study is presented.

2. Principles of MFL Testing

The MFL method is based on the principle of subjecting the material to be inspected to
a closed magnetic flux loop. For this purpose, a U-shaped yoke made of high-permeability
material is utilized. In the MFL system, magnetic flux sources are positioned on the
poles of the yoke close to the material. The mechanical system created in this way is
moved over the material to conduct the MFL inspection. Permanent magnets or coils can
be used as magnetic flux sources. Using coils enables the adjustment of magnetic flux,
providing flexible solutions in the system design [21]. A magnetic neutral point occurs at
the midpoint between the system’s poles, and magnetic sensors are placed at this point.
The flux passing through the tested material exhibits a leaking effect from the defect region
into the air. Finally, the sensors detect this effect, and MFL signals are obtained. The general
representation of the MFL test and tangential (x axis) component of sample defect signals
are shown in Figure 1.
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Figure 1. (a) Schematic illustration of the MFL testing. (b) Normal defect signal. (c) Distorted
defect signal.

In the MFL method, the flux density level formed in the test material is of critical
importance. A flux density under saturation level produces weak and unstable signals, and
minor defects cannot be detected. If the material is saturated, the leakage flux into the air is
highly triggered. However, saturation conditions may lead to deformations in the defect
signal. Therefore, it is necessary to form a flux density level defined as near saturation in
the tested material [9]. This preferred approach aims to generate effective and efficient MFL
signals. Figure 2 depicts an example of a B-H curve and its flux density zones. While there
are no exact limits, the zones, namely under saturation, near saturation, and saturation, can
be approximately defined based on the behavior of the material’s B-H curve.
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Figure 2. A B-H curve and its zones.

Another interaction is that, with forming near saturation in the tested material, high
flux densities and even saturation states can also occur in the pole regions of the MFL
system. The first noticeable cost of these situations is the exponentially increasing energy
consumption. This is because a much higher flux transition occurs from the system to the
air in the high flux density or saturation states. However, what is more important is that
the horizontal leakage flux and magnetic noise occurring at the inner-slot region increase
significantly. This effect influences the sensor measurement area, resulting in distortions
in the defect signal, increased signal noise, and a rise in the DC component. The defect
signal in Figure 1c illustrates an example of these distortions. Another noteworthy point is
that shortening the distance between the poles positively contributes to increasing the flux
density in the material. On the other hand, it also causes a significant increase in leakage
flux occurring at the inner-slot region. This effect leads to erroneous and/or incomplete
interpretations in defect characterization, negatively impacting test efficiency. Even small
amplitude defect signals may be lost below the noise level.

Variation in the system dimensions has complex effects on the flux densities of the
tested material and pole regions. Further, in real MFL applications, the flux densities of
these regions cannot be directly measured. Therefore, an optimization process that will
eliminate the aforementioned adverse effects becomes critical to achieving an efficient
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system design for actual application purposes. The requirement of such an MEC model that
ensures sufficient accuracy becomes significant for such an optimization process, which
can be carried out through multiple parameter changes.

Flux Density Distribution of MFL System

The flux types of the MFL system can be divided into two major groups: main flux
and leakage flux. ®,,,;, represents the main flux, forming the necessary flux loop for the
testing process. Figure 3b shows that the main flux ®,,,;,, completes its cycle by passing
through the air gap and the test material over the yoke. This flux forms the desired flux
density level within the material being tested.
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Figure 3. The direction of the flux densities (the arrows) and flux density distribution (color change),
(a) the flux density distribution of the air, (b) the distribution of the main flux.

During the transition of the main flux from the air gap to the test material, an additional
fringing effect arises from the edges. Due to the significantly lower permeability of air
compared to the magnetic material, the air gap exhibits high magnetic reluctance. The main
flux @, is highly sensitive to these reluctance changes. In conjunction with this change,
flux forms arcs in the air, entering the material and increasing the main flux. Therefore,
neglecting the fringing effect in the MEC model calculations will reduce the degree of
representation of the MFL system.

In the MFL system, the leakage flux completes its cycle through air. Although this flux
typically forms at low levels, it reaches non-negligible high levels in saturation conditions.
This is because saturated regions can no longer pass more flux and flux flows through
the air medium. Moreover, the cross-sectional area of the air is much larger than the
cross-sectional area of the system, leading to an exponential increase in this effect.

The leakage flux, which cannot be ignored in the MFL system, can be examined
under two categories: inner-slot and outer-slot. Due to its orthogonal feature, the vectorial
leakage flux generated at the inner-slot can be separated into horizontal and vertical
components [22]. However, due to the magnetic sources’ strong inter-pole interaction,
the inner-slot region’s horizontal flux component is much more dominant. Therefore, the
vertical component of the flux in this region can be neglected. The horizontal leakage flux
component also tends to follow the main flux direction. This generally causes horizontal
leakage flux to have a different directional distribution in the upper and lower inner-slot
parts. Thus, it becomes crucial to represent the inner-slot leakage flux with at least two
different flux types: the upper part horizontal leakage flux (®y;1) and the lower part
horizontal leakage flux (®y2). In the outer-slot region, winding leakage flux (®) is
dominant. This flux is shown with the black dashed line frame in Figure 3a. Winding
leakage flux symmetrically forms around the magnetic sources in both inner- and outer-slot
regions. However, the effect within the inner-slot is generally neglected.

Considering the behaviors mentioned above, the flux types of the MFL system, namely
main flux ®,,,;,,, winding leakage flux ®,,;, and horizontal leakage flux &y, are defined,
as shown in Figure 4. The horizontal leakage flux ®;; representation in two parts will be
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explained in detail later. Moreover, studies have been carried out under the assumption

that the flux densities occurring in the magnetic regions are uniformly distributed.

Figure 4. The defined flux paths to the MFL system.

3. Designing MEC Model for

MFL System

In the MEC model, permeances are divided into two main types: air and magnetic.
The designed MEC model, comprising both air and magnetic permeances, is illustrated
in Figure 5a. This model corresponds to the flux paths depicted in Figure 4. It includes
permeances for the yoke (Py), the pole region (P,;, Py, and Py;p), and the specimen (Psp)
as its magnetic elements. Air permeances account for both leakage flux types and flux
passing through the air gap. Specifically, they include the winding leakage flux permeance
(Pear), upper and lower part permeances of the horizontal leakage flux (Py;; and Py;»), and
the air gap permeance (Pggp). Figure 5b shows the dimensional parameters of the MFL
system. Also, descriptions of these parameters are given in Table 1.

(@)

Figure 5. (a) Designed MEC model. (b) Dimensional parameters.
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Table 1. Description of the dimensional parameters.

Parameter Symbol Description
W Length of the slot
lg Length of the air gap
We Width of the yoke
Wiy Thickness of the specimen
dy Width of the windings
Wy Height of the windings and yoke

le

Depth of the yoke and specimen
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3.1. Calculation of the MEC Model Permeances

In the MEC solution, iterative methods are needed to calculate magnetic perme-
ances [23]. This is because the permeabilities of the magnetic permeances vary nonlinearly
with flux density. The B-H curve, which describes this variation, is used as a reference for
calculating such permeances. The permeabilities of the air permeances, on the other hand,
do not change with flux density and, therefore, remain fixed. Hence, these permeances
can be calculated in a single step in the MEC solution. Additionally, both air and magnetic
permeances vary depending on the system dimensions, directly affecting the model flux
distributions. Therefore, reliable system design necessitates accurate calculation of all MEC
model permeance elements.

3.1.1. Calculation of the Horizontal Leakage Flux Permeances

The permeance of the horizontal leakage flux ®y; is related to the total inner-slot
magnetic energy and can be calculated by the Sudhoff method [22]. The following equation
is obtained by neglecting the MMF drops in the magnetic regions and applying Ampere’s
law to the path of horizontal leakage flux.

Hews = 2Ni)2-,  0<y < wy (1)
Wy
where H, is the magnitude of the horizontal flux intensity in the winding slots, and y is the
vertical position of the Hy.

To represent horizontal leakage flux using two separate permeances, the inner-slot
region needs to be divided into upper and lower parts, as shown in Figure 6. The upper and
lower parts will be represented by Py and Py permeances, respectively. The magnetic
strength of these parts can be defined as follows:

Hyws = 2Ni)—2-,  0<y<d, )
Wy
Hyyws = (2Ni)i’ dp < Y < Wy 3)
Wy

where dj, is the depth of the upper part of the horizontal leakage flux ®y;;, ensuring that
both regions’” energy is equal. The magnetic field energy can be calculated as follows:

I Y
E—Ey/VHdv @)

where 11 is the permeability coefficient. Taking = pg and dv = wsl.d, in Equation (5), the
upper and lower part energies are defined by the following equations:

dh . 2
_1 (2Ni)y
Ey = EP‘O/ ( Welny ) wslcdy )
1 F [ (2Ni)y\?
Br= g [ (2 e, ©)
y=dy

Determining the dj, parameter is the first step in calculating Pj;; and Py, permeances.
By equating Equations (5) and (6), the d), relation is obtained as follows:

dy, = (7)

Ww
V2



Appl. Sci. 2024, 14, 4071

7 of 18

Figure 6. The vertical position parameters and the energy parts.

By substituting the calculated dj, parameter in Equations (5) and (6), the E; and E;
energies can now be solved. Additionally, magnetic energy can be calculated in terms of
permeance as follows:

E= %Phl.(ZNi)2 ®)

The obtained E; and E; equations are separately equated to Equation (8) and the Py;
and Py permeances are obtained as follows:

Py = Pup = }10616% ©)
The permeance equations for Py; and Py, have been revealed in the operations
performed so far. Additionally, in the MEC solution, the dj,; and dj,» distances that define
the vertical positions of these permeances need to be determined. The dj,; and d;,, values
are required to determine the lengths of the magnetic branches of the pole region. Using
the energy approach described above at this stage would be appropriate. To determine the
dp1 and djp values, we need to again divide each upper and lower part into two sections
with equal energy. This solution, which enables the calculation of dj,; for the upper part, is
defined by the following equations:

1 Ny \2
EM = 2po / ( s ) wiled, (10)
y=0
dy ) 5
1 (2Ni)y
B = Zpo ( . ) wsled, (11)

y=d

where E1Y and E1" show the energies of the upper and lower parts of the upper region,
respectively. The parameter dj,; can be shown as follows:

— Yuw (12)

d
hl \3/1
Similarly, the dj,, parameter is calculated by applying the same method for the lower

region. This process is carried out using the following Equations.

dp+

1 2 Ny \ 2
EX = o / <—y) wl.d, (13)

2 WsWyy
y=dy
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Wy . 2
1 2Ni
EL =m0 / <( )y ) wsled, (14)

WsWey
y:dh +djo

where E>Y and E,l show the energies of the upper and lower parts of the lower region,
respectively. The parameter dj,; can be shown as follows:

V3-V2
dpp =w 15
h2 w 3/1 ( )
3.1.2. Calculation of the Magnetic Branches Permeances
The general representation of a magnetic permeance can be expressed as follows:
A .
P, = Aprptn () (16)

lbr

where [}, is the length of a branch, Ay, is the cross-sectional area of a branch, and up(.)
refers to the variable permeability of a branch. The calculation method for the variable
permeabilities will be explained in Section 4 in detail. The permeance equations of the
magnetic branches can be presented as follows:

lewepp(.)

Py = ent (7)
Py = ”"dz‘f() 1)

3.1.3. Calculation of the Winding Leakage Flux Permeance

In this study, the calculation method used in ref. [24] is selected to determine the
permeance of the winding leakage flux ®,,;. This flux consists of two parts: interior and
exterior. The reluctance of the external part of the winding leakage flux can be calculated

by Equation (22).
dw + VWe2 + 2wy W,

R =
eale 1w, i

(22)

where [ = [, + 2w,.
The permeance for the inner part of the winding leakage flux (P,;;) is shown in
Equation (23).

pol 4 3.1 0.0 V2 4 ket 2v/2k;
Pi=—"—=|k 2k1k ~k17ky” — —k{°ky + —In| 1 2
eali 256ww2dw2 2 +f1 2 +4 1 K2 8 1 K2 + 16 n + i (23)
where
ki = |ww - 2dw|

1 (24)

ko = ﬁmin(ww,Zdw)
Finally, the permeance of the winding leakage flux is calculated using Equation (25).

1
Peul = Ri + Peuli (25)
eale
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3.1.4. Calculation of the Permeances of the Air Gap and Fringing Effect

In the MFL system, fringing flux emerges from the inner and outer edges of the poles
in the air gap region. A schematic illustration of the fringing flux is shown in Figure 7. The
calculation method used in ref. [22] is selected to determine the fringing flux permeances.

A

N
Y

Fringing Fringing

flux +T+%" "i%%ﬂux

Direct
flux
specimen

Figure 7. Schematic illustration of the fringing flux.

The permeance of the inner edge fringing flux is as follows:

2upl 7T min(wy,, ws/2
Pfic = ”72 ‘In (1 + 2<i‘;s)> (26)
The permeance of the outer edge fringing flux is as follows:
21w, 7T min(wy,, ws /2
Pfoc = Vfr €1n<1+2( i"g : )> (27)
Also, the permeance of the air gap can be calculated by Equation (28).
lew
P, = L’l; e (28)

Because the fringing flux permeances are parallel with the air gap permeance, the total
permeance of each air gap can be calculated as follows:

Pgap = Py + 2Py + 2Pfic (29)

The fringing flux permeances are multiplied by two because MFL system poles have
2 outer and inner edges.

4. Nonlinear Solution of the MEC Model

The fundamental theory of the MEC model is Kirchhoff’s voltage law [25]. The
permeances of the MEC model are connected by nodes similar to the electric circuit. The
relations among the magnetic potential of the nodes, permeances, and flux are represented

as follows:
[F] = [P)'[@] (30)

where [F] is the magnetic potential matrix, [P] is the permeance matrix, and [®] is the
flux matrix.
Equation (30) can also be shown in detail as follows:

= . . ' . . (31)
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where 7 is the total node number of the MEC model, F(i) is the magnetic potential of node i,
P(i,j) is the permeance between node i and node j, and ®(i) is the flux of node i. According
to Kirchhoff’s voltage law, if node i is connected to node j, the permeance between these
nodes is a negative number and is denoted as follows:

P, j)=P(Gi) i #] (32)

Moreover, the permeance located at the principal diagonal of the permeance matrix

[P] as follows:
n

P(i,iy= Y  —P(ik) (33)
k=1
ki
After the precise calculation of the magnetic potential matrix is performed, new

flux ®,,.p and new flux density B¢y between node i and node j can be calculated by the
following Equations.

Prew = (F(i) = F(j)) P(i, ]) (34)
o ‘Cbnew|
new — T (35)

where S represents the cross-sectional area through which @, flows.

In the MEC model, permeabilities of magnetic permeances exhibit a nonlinear varia-
tion depending on the flux density. Therefore, iterative methods are employed to obtain
the desired solution. In the iteration steps, the permeability values need to be updated
according to the calculations. Discrete table data from the B-H curve are used for the update
process. Data from the B-H curve shown in Figure 2 are used for all the magnetic elements
in this process. The B-H table provides a fast and easy calculation method. Here, the portion
of the B-H curve between two sample points is defined as a straight line. In the iteration
steps, the Hy,ep value is calculated using the B-H table data with the following equation:

Hiy — H(j—q)

Huew = Hi—1) + (Buew = Bi-1)) B(i) — B(i—1)

(36)

In Equation (36), a derivative addition is defined to ensure rapid convergence of the
algorithm. Thus, the new permeability of the magnetic permeances can be determined
as follows:

Bnew 7
- 3
ﬂnew E[ng ( )

The iterative process will end automatically when the iteration termination condition

is met, which is as follows:
(k) _ 4;(k=1)

where ¢ is the error limit, u*) is the permeability of the kth iterative process, and u*~1 is
the permeability of the (k — 1)th iterative process. If the error condition is met, the result is
considered convergent and saved for use.

Exceptional cases may occur during algorithm operation. The algorithm might not
reach the error limit and could fail to achieve the desired convergence, leading to an
infinite loop. Setting a maximum number of iterations alongside the error limit would be
beneficial in such instances. It should also be noted that such issues are not expected to
arise in a thoroughly structured algorithm. The encountered problems are usually due to
programming errors, inappropriate MEC structure, and/or incorrect matrix solutions. If
such problems occur, the obtained results are invalid and cannot be used for verification.
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The iteration algorithm of the MEC model is given in Figure 8. The algorithm is
executed in the Matlab R2018b [26] software environment. Additionally, the € error limit is

set to 0.0001 to achieve high accuracy in the iteration process.

Assign the po Set geometry Initialize the u
value of the air parameters of the values of the
regions MFL system magnetic elements
Calculate the efr:lec;r}ca: :)};eﬂqe Assign the MMF
permeances of the P magnetic value of the
air regions & sources
elements
Calculate
magnetic
potential values of|
the nodes
Calculate @ Update
values permeance matrix
A
Calculate B values
and determine Update u values
new u values of the magnetic
using the B-H elements
curve

Maximum

iteration count
is exceeded ?

No results found
Check iteration algorithm

Figure 8. Iteration algorithm of the MEC model.

Record B values

5. Testing the MEC Model with FEA
5.1. FEA Studies

The accuracy test of the designed MEC model was conducted with reference to FEA
studies. For this purpose, a series of 3D MFL models with varying dimensions were
established in the ANSYS Maxwell [27] simulation environment. Figure 9 illustrates the
FEA solutions of the MFL system. Our fundamental approach in the FEA studies is to
obtain results by forming a fixed flux density level in the tested material for different MFL
models and to evaluate the MEC model using these results as a reference. Here, adjusting
the MMF values is accomplished by forming a fixed flux density in the material. This
enables a more effective evaluation of the proposed MEC model’s performance. This is
because changes in the dimensions of different MFL models impact the overall system
dynamics. This testing approach, combined with ensuring near saturation in the test
material, offers valuable insights into achieving the most efficient system design. Moreover,
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the effects of cycle length brought by different system dimensions are also included in the
problem solution.

(@ (b)

Figure 9. FEA solutions of the MFL model. (a) Mesh model. (b) Flux density distribution.

The magnetostatic solver type was applied in FEA studies. The boundary parameter
in the simulation model was set at a distance of 50 cm from the system to avoid boundary
effects. Since our testing approach is not aimed at a specific test material or application,
using different B-H curves for yoke and test material will not affect the character of the
observed results. Therefore, in FEA and MEC studies, the required B-H data for the yoke
and test material have been derived from the B-H curve of the X-52 steel [8] material shown
in Figure 2.

The variation in the w, and w; parameters was taken as a basis for obtaining different
MFL system models. Due to their nonlinear effect on the main and leakage flux, w, and w;
have a higher impact on the system operation than other parameters. The system height
wy, parameter can be accepted within the effect caused by changes in ws. Therefore, the
wy, value was taken as fixed in the analyses. The [, distance affects the horizontal leakage
flux almost linearly. Therefore, this parameter was also fixed in the analyses. The w, and
ws values selected for analyses are given in Table 2. The fixed parameters are defined as
Wy =5 mm, wy =40 mm, [ = 60 mm, dy, =8 mm, and [y =2 mm.

Table 2. Varied parameters’ values.

Parameter Values (mm)
We 5 10 15 20 25
W 30 40 50 60 70

Twenty-five different MFL models were produced by combinational changes in the w,
and w;s parameters, and corresponding FEA studies were conducted. In these studies, the
necessary MMF values were adjusted for each model to form the flux density within the
material at a level of 1.8T. The adjustment of MMF values, defined by the equation F = N,
was performed by keeping the number of turns N fixed and assigning different current
values i. Figure 10 illustrates the variation in MMF values obtained from FEA studies for
different combinations of w, and ws. As seen from Figure 10, the MMF values required to
generate 1.8T within the tested material vary directly with ws and inversely with w,.
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Figure 10. The MMFs determined based on varying w. and ws values.

The nonlinear change effect of the w, and w; parameters on the horizontal leakage flux
is illustrated in Figure 11. As observed, the variation in w, has a more dominant effect than
ws. This is because the w, dimension directly influences the main flux of the system. This
effect becomes more pronounced when the w, value approaches the material’s thickness
Wy As a result, the flux densities in the pole regions increase, leading to an exponential
increase in the horizontal leakage flux within the slot. A similar effect emerges with the
variation in the ws parameter. Since the ws dimension determines the distance between the
poles, it changes the air reluctance of the horizontal leakage flux. While a decrease in w;
contributes positively to the flux density in the test material, it also increases the horizontal
leakage flux, depending on the pole flux densities. Forming near saturation flux density in
the tested sample can be seen as the main reason for this dilemma. Ultimately, the variation
in w, and ws dimensions alters the character of the leakage flux within the slot, which is
more critical for the system. An increase in horizontal leakage flux particularly affects the
sensor measurement region directly, leading to adverse effects such as an increase in the
DC level in the defect signal, shape distortions, and signal noise. Figure 1c illustrates an
example of these distortions.

30 10
15

w, (mm)

50
w, (mm) 60 2
J 70 25

Figure 11. The behavior of the horizontal leakage flux according to varying w, and ws parameters.

5.2. MEC Model Verification

The main goal of the MFL system design is to achieve the appropriate flux density
in the tested material. In addition, the fact that magnetic sources are located on the poles
causes these regions to play a decisive role in the system’s main flux and leakage flux. Thus,
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the pole region flux densities, along with the flux density of the test material, were taken as
a basis in the performance analysis of the designed MEC model. By its nature, the MEC
calculates its measurements as the average of the branch cross-sectional area. Therefore,
the flux densities of the FEA studies were also measured as volumetric average values. In
addition, the pole region in the MEC model is represented by three separate permeances,
Py, Py, and Pj,. Therefore, in the MEC model, the flux density of the pole region value
was obtained by averaging the flux densities calculated for these three permeances.

The MMF values derived from the FEA studies served as inputs for the MEC algorithm
to perform analyses. The first performance criterion for verifying the MEC model is the
consistency between the pole region flux densities calculated by the MEC and the FEA
results. Figure 12 shows the pole region flux densities obtained from both FEA and MEC
studies comparatively for all tests. The graphs in Figure 12 demonstrate that despite
variations in w, and w,, the MEC model tracks the FEA results. To observe the individual
effects of changes based on w, and w; on this result, Table 3 is also generated. Table 3
presents the mean absolute error (MAE) resulting from variations in one parameter while
keeping the other fixed. Based on the findings from Figure 12 and Table 3, it is observed
that as w, decreases and w; increases, the discrepancies between MEC and FEA increase.
Additionally, it is noted that w, has a more dominant effect, particularly as it approaches
the value of wy,;, compared to w;.

22 - T ---0--- FEA_w.=5mm
2 F Y-l “ MEC_we =5 mm
o----" o
18 L -=-3--- FEA_w. =10 mm
6 16 MEC_w. =10 mm
f? _____ 8 ---a--- FEA_w. =15 mm
@14 r g Er
3 g@---"" 8- MEC_w. =15 mm
N12
--=--- FEA_we =20 mm
é T e A
=l P MEC._w. =20 mm
08 r S o= --=%--- FEA_w. =25 mm
@===== oo — __--- X
06 r gm=z== $p=cc== Ho==2=s % MEC_w. =25 mm
04 1 1 1 1 1 ]

20 30 40 50 60 70 80

Figure 12. The flux density results of the pole region based on changes in the w, and ws parameters.

Table 3. The MAE values according to change in the w. and ws parameters.

MAE_w, (T) MAE_ws (T)
we (mm) (For w; 30 to 70) ws (mm) (For w, 5 to 25)
5 0.17 30 0.05
10 0.11 40 0.06
15 0.07 50 0.07
20 0.04 60 0.09
25 0.03 70 0.1

Another critical performance criterion in evaluating the MEC model is the accuracy of
calculating the flux density level of the test material. At this stage, the relative error values
of the test material’s flux densities obtained from MEC were calculated with respect to the
1.8T reference value used in FEA. Figure 13 displays these relative error values. Table 4
illustrates the individual effects of changes based on w, and ws on the relative error values.
It provides the average relative error (MRE) resulting from variations in one parameter
while keeping the other parameter fixed.
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Figure 13. The MEC model’s relative errors for different w, and ws values.

Table 4. The MRE values according to change in the w. and ws parameters.

MRE_w, (%) MRE_w; (%)

w, (mm) (For w; 30 to 70) ws (mm) (For w, 5 to 25)
5 8.7 30 3.5
10 6.0 40 45
15 4.6 50 5.4
20 3.7 60 6.2
25 3.1 70 6.7

According to the results shown in Figure 13, the errors in flux density produced by
the MEC model range from a maximum of 10.2% to a minimum of 1.6%, with an average
of 5.2%. These results indicate the MEC model’s capability to represent the MFL system at
a high level. From Table 4, it is understood that the MRE values rise with increasing ws and
decreasing w,. Additionally, the variation in w, has a greater impact on the error rates than ws.

In the flux density calculations, the primary factor contributing to differences between
the FEA and MEC model results is that the flux density results must be measured as
the average value in both methods. However, the flux densities throughout the system
actually exhibit a non-uniform distribution. This is because the magnetic flux tends to flow
predominantly through the inner parts of the system due to its preference for the shortest
path. This effect results in high flux densities in the inner parts. In the results, the error
values reaching their maximum, particularly as w, approaches the material’s thickness
wy,, can be interpreted in this context. Because, in this case, the flux densities of the inner
parts of the pole region dramatically increase, and the direction and magnitude of the
leakage flux within the slot change. This primarily diminishes the adequacy of the MEC
model permeances employed to represent the leakage flux within the slot. Additionally,
the increasing impact of other neglected leakage fluxes also becomes a factor that escalates
errors. A similar effect emerges due to the rising MMF values with the increase in ws.
However, this effect remains at a lower level compared to w.. The FEA method can
model these effects perfectly because it analyzes the system by dividing it into tiny discrete
elements using the mesh method. On the other hand, in the MEC model, the mentioned flux
distributions are represented only by three permeances (P,;, P;;5, and Pyp,) along the vertical
direction for the pole region and only by two permeances (Pj;1, Py2) for the inner-slot
leakage flux.

5.3. Elapsed Times

MEC and FEA studies were conducted using a computer equipped with an Intel Core
i9-12900H processor running at 2.9 GHz, 32 GB of RAM, and a 64-bit Windows 11 operating
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system. While the average time for FEA studies was 21.5 min, this duration was 5.2 s for
MEC model analyses. Additionally, it was observed that consecutive FEA studies involve
extra time-consuming processes such as geometry modifications, system reinstallations,
and simulation restarts.

6. Conclusions

This study proposes a novel MEC model to achieve an efficient MFL system design.
This model is designed considering the nonlinear behaviors of the magnetic elements,
winding leakage flux, horizontal leakage flux within the slot, and the fringing effect. The
proposed MEC model can comprehensively represent the system’s behavior with these
features. The main requirement in the MFL system design is to form a level of flux density
near saturation in the test material with the change in system dimensions. Additionally, it is
also crucial to consider the undesired effects of slot leakage flux on the sensor for an efficient
system design. In this study, a reverse engineering-like test approach is adopted to observe
the mentioned effects, keeping the flux density of the test material fixed. This approach
enables us to effectively and comparably observe other system parameters’ influence on
common objectives.

The accuracy test of the proposed MEC model is carried out based on the FEA results,
considering the variation in the w, and w; parameters. In the flux density results of the pole
region, as w, decreases from 25 mm to 5 mm, the average absolute error MAE_w, increases
by 0.167T. The rise in the ws from 30 mm to 70 mm results in the MAE_w; value increasing
by 0.05T. These results show the error variation in the MEC model in tracking the FEA.
In terms of the flux density calculation of the test material, the maximum relative error is
obtained as 10.2%, and the average relative error is 5.2%. Moreover, with the change in
w, from 25 mm to 5 mm, the average relative error MRE_w, increases by 5.6%. With the
increase in ws from 30 mm to 70 mm, the MRE_w; error value rises by 3.2%. These results
show that the change in w, significantly affects the errors compared to ws. This is because
as w, approaches the wy, value, the increase in the flux density of the pole region is much
greater than the increase associated with the change in w;. Ultimately, the results indicate
that despite changes in critical system dimensions, the MEC model produces errors at a
reasonable level and successfully tracks the FEA results.

The primary purpose of the designed MEC model is to generate fast solutions in the
system design process. In this study, the average processing time is 5.2 s for the MEC model,
whereas for FEA, this time is determined as 21.5 min. The proposed MEC model offers a
significant time advantage compared to the FEA method while generating acceptable error
levels. With this feature, the necessary MFL system design for rapid prototyping tasks
requiring system optimization can be accomplished using the proposed MEC model.

The performance of the proposed MEC model can be enhanced through model refine-
ment. In this regard, it is necessary to consider the naturally occurring inhomogeneous
distribution effect in the flux densities of magnetic elements first. This process can be
achieved by modeling the system’s magnetic yoke by dividing it into segments. Secondly,
it is essential to define additional permeances in the MEC model to represent leakage
fluxes more accurately. With these improvements, the MEC model can provide more
accurate results.
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