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Abstract: Linear variable differential transformer (LVDT) is a commonly used linear displacement
sensor because of its good measurement characteristics. When using laminated ferromagnetic cores in
LVDTs, it is very important to take eddy currents into the account during design phase of the sensor.
Particularity of the open-type core means that the eddy currents induced by the stray magnetic flux
that flow in large loops tangential to the lamination surfaces take on significant values. Due to the
open-type core a typical LVDT has, depending on the core material, it is, therefore, very important
to take eddy currents into the account when designing the sensor. This paper’s goal is to present a
methodology for calculating LVDT eddy current losses that can be applied to LVDT design in order
to optimize the dimensions and help with selection of materials of the LVDTs, in order to achieve
the highest measurement accuracy. Presented approach using an AτA-formulation with elimination
of redundant degrees of freedom exhibits rapid convergence. In order to calculate the relationship
between eddy current losses and core displacement, frequency, and material characteristics, a number
of 3D finite element method (FEM) simulations was performed. Analysis of the obtained results using
presented methodology for eddy current losses calculation in LVDTs enables the designer optimize
the design of the LVDT.

Keywords: LVDT; eddy current losses; numerical simulation; FEM

1. Introduction

Different industries often use magnetic position sensors due to their robustness, re-
liableness, and cheapness. New designs of transformer position sensors are constantly
developed and analysed to improve their industrial applicability. Finite element method
(FEM) is often used for modeling and analysis of new sensor design [1–7]. In [1], the
electromagnetic behavior of an LVDT sensor in the presence of magnetic interference is
modeled using FEM, and the quality of the simulation is verified through comparisons with
experimental results. In order to optimize the sensor design, [2] uses FEM to study the mag-
netic field distribution of a flat-type magnetic position sensor. In [3], the electromagnetic
behavior of differential inductive displacement sensors is modelled using FEM, and the
parameters impacting the sensor’s time drift stability are analysed. FEM is utilized in [4]
to model the electromagnetic behavior of PCB-based rotary-inductive position sensors,
and in [5] to model the electromagnetic behavior of inductive displacement sensors with
large range and nanoscale resolution. In [6], FEM is used to simulate the electromagnetic
behavior of LVDT sensors in order to improve sensor design. In [7], the electromagnetic
behavior of LVDT sensors is also simulated using FEM in order to examine the effects
of process and material parameters on the sensor output characteristics. A good topical
review of magnetic position sensors can be found in [8].

Linear variable differential transformer (LVDT) is a widely used linear displacement
sensor. It is known for its robust structure, high linearity, high precision, and contactless
nature [2,9]. LVTD is used for manufacturing, control, and scientific applications. The
conventional LVDT design is of a cylindrical structure that includes a core, one primary,

Sensors 2023, 23, 1760. https://doi.org/10.3390/s23041760 https://www.mdpi.com/journal/sensors

https://doi.org/10.3390/s23041760
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0001-5586-7531
https://orcid.org/0000-0002-1969-7253
https://doi.org/10.3390/s23041760
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s23041760?type=check_update&version=2


Sensors 2023, 23, 1760 2 of 15

and two secondary windings [2,10,11]. The core is usually made of a magnetic material,
such as ferrites or soft magnetic materials.

LVDTs, like other inductive sensors, have some limitations. Limitations include limited
linear range, stray capacitance effect, electromagnetic interference, and core loss. That
is why various studies, techniques for improvement, as well as novel LVDT designs for
specific, or broader, applications have been investigated [10,12–16]. In [15], a compact LVDT
for reactor experiment application was designed using analytical expressions, without the
consideration of eddy current losses. In [1], the study of effect of magnetic interference on
the LVDT sensor was made. Modified design of LVDT is also proposed in [10], with the
study of the effect of the external magnetic field on the secondary using FEM-based software.
Another modified design is presented in [2], where a flat LVDT sensor is introduced with
external armature made of solid iron and steel laminations. Minimization of the the error of
the LVDT output signal due to the temperature effect is presented in [17]. In [2], effects of
the induced eddy currents in the laminations are evident for frequency of 400 Hz. Inductive
displacement sensors are analysed in [5], where core loss influence on the quality factor is
examined. A study of magnetic core materials used in LVDT is presented in [18]. There, a
correlation between eddy current effects and material sensitivity and linearity can be seen,
emphasizing the need of eddy current analysis for LVDTs.

As previously mentioned, the cores of LVDTs can be made of different magnetic
materials. In [19,20], the use of FE-rich amorphous wire and glass-covered amorphous
wires as active core is presented. Additionally, ferrite is sometimes used to make the cores.
However, ferrite has some drawbacks, such as high brittleness and low strength when
geometric changes are needed. The analysis of core losses is necessary due to the use of
various materials. Core losses can be categorized into hysteresis losses and eddy current
losses. Hysteresis losses are proportional to the flux density and are represented by the
area in the hysteresis loop. When ferromagnetic cores are used, eddy current losses can
be an important consideration. Eddy currents are circulating currents that are induced in
a conductor when it is subjected to a changing magnetic field. The flux moving through
the core causes eddy currents to form, and losses resulting from those currents increase
with frequency [18]. In order to decrease the losses, laminated cores are used. In LVDT, the
laminated core is typically made of a stack of thin sheets of a magnetic material. The thin
laminations help to reduce eddy current losses by breaking up the continuity of the core
and reducing the size of the circulating currents. The core material and the thickness of
the laminations also play an important role in reducing eddy current losses. Investigation
in [5] has shown that eddy current losses are small enough that the core does not have to be
laminated if the conductivity of the core is less than 1× 104 S/m. For higher conductivities,
laminations must be used in order to reduce the eddy current loss. Otherwise, the sensors
quality factor and possible excitation frequency will be negatively affected due to eddy
current losses. Therefore, due to their effects on the sensor accuracy, eddy current losses
must, therefore, be considered when designing the sensor, as well. Additionally, it is
important to take into account the frequency range in which the LVDT will be operated.
The frequency response of an LVDT is determined by the design and construction of the
transformer and the electronic signal conditioning circuit. It is important to note that
LVDTs are sensitive to AC excitation frequency, the measurement frequency range will vary
depending on the specific device and its design. In general, the eddy current losses are an
important consideration in LVDT design but can be minimized through proper core design
and materials selection.

Computational algorithms used for LVDTs mostly fail to take account of eddy-current
effects [21]. Despite the fact that numerous studies suggest that a comprehensive considera-
tion of core losses, particularly eddy current losses, should be completed, the quantification
of those losses is missing [2,5,18,21]. To the best of the authors’ knowledge, there are
no scientific papers addressing specifically the eddy current losses in laminated cores of
LVDTs. Therefore, it is the purpose of this paper to introduce the methodology for eddy
current losses calculation of LVDTs that can be used during the design of LVDTs in order to
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optimize the dimensions of the LVDTs and help when selecting core materials, all for the
goal of achieving the best measurement characteristics of LVDTs.

Analysis of eddy current problems in laminated cores is of great interest and it has
been the topic of various papers [22–25]. However, calculation of eddy current losses
requires taking into account differences between the open-type core and the closed-type
core. Core of the conventionally designed LVDT is an open-core type [26,27]. Compared to
a closed-type core, where the magnetic flux is closed mostly through the core, the of the
magnetic flux of the open-type core passes through core/air interface and majority of the
flux is dissipated perpendicularly to the lamination surfaces. As a result, the eddy currents
generated by the stray magnetic flux that flow in wide loops tangential to the lamination
surfaces can acquire considerable values. Moreover, since the problem domain of laminated
medium of the represents a region of heterogeneous material, a very dense finite-element
mesh is necessary inside the core region in order to account for eddy currents and material
heterogeneity. Due to the lengthy simulation and the high demands on the computer’s
working memory, such a problem is almost impossible to solve. Therefore, homogenization
is frequently employed [22,23]. The particular geometry of open-type cores, along with the
use of laminations, means that commercial software based on general techniques is usually
not well adapted for analysis of eddy current losses. Overall, there is scarce research on
the problem of eddy currents in open-type cores. A multi-scale approach that includes
the modeling of eddy currents is presented in [28], while a two-step method for total
eddy currents calculation in an open-type laminated core is presented in [26]. Research
conducted in [26] shows the advantages of the use of an AτA-formulation compared to
AVA formulation when calculating eddy-current losses in open-type cores.

The methodology presented in this paper for the eddy current losses calculation in
LVDT core is based on a 3D finite element method (FEM) approach based on a weak
AτA-formulation. A similar approach was used in [26], but in this paper a novel and
improved approach for the elimination of redundant degrees of freedom which results in
improved speed of convergence of the calculation. Results of the approach using a weak
AτA-formulation with and without edge elements will be presented as validation of the
acquired results and evidence of method advancement. The presented methodology is
valid in linear cases, for LVDTs designed to work in the frequency range 50 Hz to 500 Hz,
so the focus is on applications in the lower frequency range. The results obtained using the
presented methodology are analysed using a LVDT model. The contribution of this paper
is the demonstration of the correlation between eddy current losses and core displacement,
frequency, and material properties by using a novel approach for the calculation of eddy
current losses based on the weak AτA-formulation. Even through a conventional LVDT
model was used for the analysis of eddy current losses, presented methodology can easily
be used for calculation of losses in modified LVDT designs in which laminations in core or
armature exist.

This paper is organized as follows: Section 2 discusses LVDT design, gives an overview
of eddy currents, and presents the robust method for fast calculation of eddy current losses.
Analysis of the results achieved by using said method and validation, along with discussion
are presented in Section 2. In Section 4, the conclusion is made.

2. Theoretical Overview

In this section, a brief overview of LVDT design and principles is given, as well as an
introduction in eddy currents in LVDT core. Then, the methodology for eddy current losses
calculation is presented.

2.1. LVDT Design

The main LVDT components are a primary coil, two secondary coils symmetrically
spaced with respect to the primary coil, and magnetic core that is moveable, as depicted in
Figure 1. Primary coil is the excitation coil, and secondary coils are the pickup coils of the
sensor. Since the structure is symmetrical, core in the middle (centre) position has same



Sensors 2023, 23, 1760 4 of 15

length portions embraced by the pickup coils. This, and the fact that the secondary coils are
connected in reversed series, giving the zero-voltage output for the centre position of the
core when alternating current of appropriate amplitude and frequency is applied to primary
winding. The LVDTs output is the differential voltage between the two secondary windings.
Moving the core along the axis means that one of the secondary windings will embrace
more, and the other less of the core. This means that the flux linkage between the windings
will change according to core displacement from the centre position. This will result in the
increase in voltage in one secondary coil, while the voltage in the other secondary coil will
decrease. Plot of output voltage is represented by the theoretical characteristic curve shown
in Figure 1.

Secondary coil 1

 Moveable core

Primary coil
Secondary coil 2

 Δx

Theoretical 

characteristic curve

 u2a  u2b u

 0

Figure 1. Structure of a LVDT with characteristic curve of output voltage.

As already mentioned, different materials are used for the manufacture of LVDT cores.
Depending on the material used it is important to investigate the potential drawbacks
it brings to the designed LVDT. Due to the open-type laminated core of LVDTs, when
using ferromagnetic materials the eddy currents generated by the stray magnetic flux that
flow in wide loops tangential to the lamination surfaces can acquire considerable values.
Therefore, when it comes to the cores made with ferromagnetic materials, eddy current
effects, including losses due to eddy currents, should be taken into account. In the next
subsection, eddy current losses calculation method, based on a weak AτA-formulation is
presented and explained.

2.2. Eddy Current Losses Calculation Method

Defining the problem domain is the initial step in calculating the eddy currents.
Figure 2 illustrates the three regions that make up the problem domain. Region Ωc stands
in for the core region, Ω0 for the air region, and Ωs for the winding region. Vector~Js stands
for the source current flowing through the winding region. As was already noted, the core
region is made of magnetic material, and the linear properties of that material are assumed
in the presented work.
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Figure 2. Definition of problem domain.

Assuming a low-frequency range, the set of Maxwell’s equations, in which ~B is the
vector field of magnetic induction, and~J is the vector field of eddy current density, for the
core region is:

∇× ρ~J = −jω~B (1)

∇× ν~B = ~J +~Js (2)

∇ · ~B = 0 (3)

∇ ·~J = 0 (4)

where material electrical resistivity and its magnetic reluctivity are represented by ρ and
ν, respectively, and ~Js is the source current density. It is assumed that the source current
density in the core region is zero.

The air and winding regions are both classified as non-magnetic and electrically non-
conductive since only the core region is important for calculating eddy current losses. As a
result, the Maxwell’s equations that represent those regions are:

∇× ν0~B = ~Js (5)

∇ ·~Js = 0 (6)

where ν0 is the magnetic reluctivity of vacuum.
Calculating eddy current losses in impacted areas is possible after the problem do-

mains are identified. The outer laminations of an LVDT’s core are where eddy currents are
most prevalent. The perpendicular component of the magnetic induction, when seen in
relation to the laminations, is what primarily induces eddy currents in outer laminations.
The tangential component of the magnetic induction is primarily responsible for inducing
eddy currents in the inner laminations (relative to the laminations). The normal and tangen-
tial components of the magnetic induction and eddy current density should, therefore, be
separated, as this would be advantageous. Eddy current vector can, therefore, be examined
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in the core region using the local αβγ-coordinate system of a single lamination. The α and β
directions are tangential to lamination surfaces, and γ direction is perpendicular to it. Thus,
the sum of the normal component of magnetic induction ~Bγ and the tangential component
of the magnetic induction ~Bαβ give the magnetic induction vector:

~B = ~Bαβ + ~Bγ (7)

This is represented in Figure 3.

B

Jαβ

α
β

Jαβγ

B
αβ

Bγ

γ

Ω0
Ωc

Figure 3. Representation of relevant fields and eddy currents in a simple laminated medium.

Similarly, total current density ~J can be separated into current density of narrow
eddy current loops induced by the tangential component of the magnetic induction~Jαβγ,
and current density of large eddy current loops induced by the normal component of the
magnetic induction~Jαβ:

~J = ~Jαβγ +~Jγ (8)

Maxwell Equation (1) for the core region can then be written for each component, as
each component induces eddy currents inside the laminations:

∇× ρ~Jαβγ = −jω~Bαβ (9)

∇× ρ~Jαβ = −jω~Bγ (10)

The total losses due to eddy currents P can be calculated with equation:

~P = ~Pαβγ + ~Pαβ (11)

where ~Pαβγ are the eddy current losses due to eddy currents ~Jαβγ, and ~Pαβ are the eddy
current losses due to eddy currents~Jαβ. This disassembly of the losses is possible due to
orthogonality of~Jαβγ and~Jαβ which is true when the thickness of each lamination is smaller
than its width and height since then it is valid:∫

ΩL

~Jα,β ·~JαβγdV ≈ 0 (12)

where ΩL denotes the region of one lamination sheet.
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Different approaches are used for the determination of current densities of narrow
eddy current loops induced by the tangential component of the magnetic induction and
current densities of large eddy current loops induced by the normal component of the
magnetic induction. This is due to the fact that because the value of magnetic permeability
of the core is significantly lower in the perpendicular than in the tangential direction,
~Jαβγ has a negligible effect on~Jαβ and can be ignored when calculating~Jαβ. The opposite
is untrue.

Thin insulating layers are sandwiched between the thin laminations that make up the
core. In terms of magnetic permeability and electrical conductivity, this indicates that the
core region is heterogeneous. The quickly varying material properties result in a highly
oscillatory spatial dependency of the narrow loops of eddy current density. As a result, it is
also necessary to utilize a mesh that is incredibly dense. With the aid of homogenization,
this can be prevented. As a result, in order to apply a coarse mesh, the material properties
in the core region must be homogenized. This homogenization is carried out in accordance
with the average magnetic circuits principle, which results in a new equivalent material
with anisotropic material properties ρ and ν, according to [23]. The eddy current density of
narrow loops cannot be averaged, but it can be described using magnetic induction, which
can be averaged within a coarse mesh’s finite element. The imaginary magnetic reluctivity
can be used to account for the weak formulation’s contribution of the eddy current density
of narrow loops. As a result, the magnetic reluctivity is expressed as a complex number
that has both real and imaginary components. Individual components of the diagonal
tensors of electrical resistivity ρ and magnetic reluctivity ν are calculated analytically using
equations [24]:

ρα = ρα = ρK f

ρ−1
γ ≈ 0

ν−1
α = ν−1

α = ν−1K f + ν−1
0

(
1− K f

)
vγ = νK f + ν0

(
1− K f

) (13)

where K f denotes the filling factor a laminated core. The diagonal tensors that define the
characteristics of the new, substitute material can then be written as:

ρ =
[

ρα ρβ ργ
]

(14)

ν =
[

να νβ νγ
]
+ j
[

0 κ κ
]

(15)

where parameter κ is determined using analytical approach in the preprocessing phase.
Parameter κ is calculated using expression:

κ =
1

12
t2ω

ρ
(16)

where t denotes the thickness of the laminations.
When the described procedure of homogenization is used on the core region, with the

density vector of narrow eddy current loops being taken into account indirectly, instead of
Maxwell’s Equations (1) and (2) the following expressions are used:

∇× ρ~Jαβ = −jω~B

∇× v~B = ~Jαβ

(17)

In this paper, a formulation based on the magnetic vector potential ~A and the current
vector potential ~T is used for the calculation of eddy current losses [27]. Equations (3) and (4)
enable the use of expressions:

~B = ∇× ~A
~Jαβ = ∇× ~T

(18)
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Instead of using ~T, to attain a symmetric system of equations, time-primitive potential ~τ is
used. Expression associating the two is:

~T = ∂t~τ (19)

Time-primitive potential ~τ is interpolated by edge elements [25]. Current vector
potential ~A is also interpolated by edge elements ~Nk. ~A is used in order to strongly ensure
the continuity of the normal component of magnetic induction at the core/air interface.
Hence, expressions in (17) become:

− jω∇× ρ∇×~τ + jω∇× ~A = 0

∇× ν∇× ~A + jω∇×~τ = 0
(20)

Similarly, in the united air and winding region Equation (5) can be rewritten as:

∇× ν∇× ~A = ∇× ~Ts (21)

Then, using interpolation functions ~Nk as weighting functions in expressions (20) and (21),
the weak AτA-formulation is obtained:∫

Ωn
ν0∇× ~A · ∇ × ~NkdΩ +

∫
Ωc

ν∇× ~A · ∇ × ~NkdΩ+∫
Ωc
∇× jω~τ · ~NkdΩ =

∫
Ω
~T0 · ∇ × ~NkdΩ∫

Ωc
jω~A · ∇ × ~NkdV −

∫
Ωc

ρ∇× jω~τ · ∇ × ~NkdV = 0

(22)

where the index k represents the k-th degree of freedom in the finite element [26].

Redundant Degrees of Freedom Elimination

It is possible to eliminate the redundant degrees of freedom. Only the γ component
of ~τ is required when computing the eddy current density of large loops using the local
αβγ-coordinate system for each lamination, where the γ-direction represents the normal
direction of the lamination sheet. The tangential component of ~τ that is in αβ directions is,
therefore, redundant. This implies that it is possible to eliminate it from the eddy current
losses calculation. This can be accomplished by building a structural mesh inside the
core, such that each edge of each finite element is either parallel to or perpendicular to the
γ-direction. Then, the tangential an normal components of ~τ can be determined using edge
degrees of freedom ~τk, with the following expression connecting the two:

~τ = ∑ τk~Nk (23)

Then, for each edge of each finite element coarse mesh in the core region a rule is obtained:

~Nk ·~aγ =

{
0, then τk = 0
|Nk|, then τk = τk

(24)

where vector~aγ is the anisotropy vector. Obtained edge elements are shown in Figure 4.
Using (24), the redundant degrees of freedom from the matrix of coefficients are eliminated
in the preprocessing phase. This allows the improvement of the convergence speed when
calculating the eddy current losses.
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(a) (b)

(c)

Figure 4. (a) Cross-section of a laminated core; (b) a finite element with 9 edges that are either parallel
or perpendicular to the anisotropy vector depicted by a blue arrow; and (c) a finite element without
edges to which redundant degrees of freedom are attached.

3. Results and Discussion

A 3D model of a LVDT is used for the analysis of the proposed methodology for
calculation of eddy current losses. A weak AτA-formulation, described in Section 2.2 of
Section 2, is used to calculate the eddy current losses in LVDT model. The LVDT model
corresponds to the one shown in Figure 5, with the parameters and their physical values
listed in Table 1. The geometrical dimensions are merely indicative. Since the analysis was
performed for different frequencies and materials, those parameters are listed in Table 2.

Secondary coil 1

 Core

Primary coil

Secondary coil 2

Secondary coil 1

 Core

Primary coil

Secondary coil 2

Figure 5. LVDT design for simulation.
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Table 1. Design parameters used for LVDT analysis.

Parameter Value

Primary coil length—Lp [mm] 60
Primary coil width—w2 [mm] 20

Secondary coil length—Ls [mm] 60
Secondary coil width—w2 [mm] 20

Core length [mm]—Lc 100
Core width [mm]—w1 10

Distance between coils [mm]—d1 2
Distance between core and coils—d2 [mm] 5

No. of coil turns 1000

Table 2. Material parameters used for LVDT analysis.

Parameter Value Variation

Supply frequency [Hz] 50 50–400
Relative permeability of core 10,000 10,000–70,000
Conductivity of core [S/m] 2× 106 2× 106

Firstly, in order to validate the proposed methodology that uses a weak AτA-formulation
with proposed improved elimination of redundant degrees of freedom, a comparison of
two types of FEM simulations was performed. One simulation was completed with a
novel approach, and the other was completed by using the typical weak AτA-formulation.
The second approach was already validated in [26]. An iterative technique based on
the CG algorithm is used to solve the linear system arising from the formulation in the
simulations. Both simulations were run on the same mesh. The simulations were run on
the LVDT model with core centred at 0 mm (without displacement), for the core material of
relative permeability 10,000 and conductivity of core 2× 106 S/m, at frequency of 50 Hz.
The amount of total eddy current losses is equal in both cases and amounts to 5.2 mW.
However, due to the elimination of redundant edge elements, there was a major difference
in calculation time. Since the current vector potential is used as the excitation, no direct
modelling of the coil is required. This is why it is possible to use the same mesh for all
positions and the core position for the same number of mesh elements does not significantly
affect the duration of the simulation for different core positions. The number of elements of
the core mesh is 46,800, while the number of elements in the air is 401,573. For comparison
purposes, the same mesh was used for both formulations. While the simulation for a
single position that used the typical AτA-formulation ran for 6400 s, the simulation using
the proposed approach ran for 2586 s, thus improving the time 2.47 times which is a
significant improvement.

After that, multiple simulations of eddy current losses based on the core displacement
were made. Figure 6 presents magnetic induction at frequency of 50 Hz, for the core
material of relative permeability 10,000 and conductivity of core 2 × 106 S/m at three
positions, position 1 of core at 0 mm without displacement, position 2 in which core is
displaced by 20 mm, and position 3 with the displacement of 50 mm. Similarly, for the same
positions, material, and frequency, Figure 7 presents eddy current density. Eddy currents
are, therefore, most influential at position without core displacement, as the magnetic
induction is then at its highest.

Then, the core was moved from position −50 mm to 50 mm, at 10 mm intervals, with
the position of centre where there is no displacement at 0 mm. For those positions, eddy
current losses were calculated for material properties of relative permeability 10,000 and
conductivity of core 2× 106 S/m, at frequency of 50 Hz. The results are presented in Figure 8,
with interpolation performed for other positions. Not only can the influence of eddy
currents be seen from Figure 6, like in previous research, but the presented methodology
has enabled the quantification of those losses, as seen in Figure 8.
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(a) (b)

(c)

Figure 6. (a) Magnetic induction at position 1 = 0 mm; (b) Magnetic induction at position 2 = 20 mm;
and (c) Magnetic induction at position 3 = 50 mm.

Eddy current losses were also calculated at position of the laminated core at 0 mm
without displacement, for the core material of relative permeability 10,000 and conductivity
of core 2× 106 S/m, at frequencies ranging from 50 Hz to 450 Hz with the step of 100 Hz.
Interpolated results are shown in Figure 9. As expected, eddy current losses rise with
frequency. Presented methodology enables the designer of LVDT to calculate the losses
at wanted working frequency and then determine whether to modify the LVDT core
properties, i.e., change the core material or increase the number of laminations in order to
lower the losses and thus increase reliability.

An analysis of eddy current losses for different core materials of a laminated core was
also made. Materials of relative permeability of 10,000, 30,000, 50,000, and 70,000 were
used. Corresponding core conductivity was always set to 2× 106 S/m. The results are
presented in Figure 10. The losses decrease with the increase in relative permeability, as
is expected. Since permeability is directly linked to the performance and reliability of the
device [18], and some materials are in certain periods not available, it is important to be
able to obtain knowledge of eddy current losses for a range different materials.
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(a) (b)

(c)

Figure 7. (a) Eddy current density at position 1 = 0 mm; (b) Eddy current density at position 2 = 20;
and (c) Eddy current density at position 3 = 50 mm.
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Figure 8. Eddy current losses dependence on position.
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Figure 9. Eddy current losses dependence on frequency.
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Figure 10. Eddy current losses dependence on relative permeability of the core magnetic material.

Results presented in this paper, along with the conclusions established in [5,18] about
the influence of eddy currents on the sensor performance, can be used to develop a set of
limitations and standards in LVDT design dependent on eddy current losses with the goal
of sensor optimization. Methodology for the calculation of eddy current losses in LVDTs
presented in this paper can also be used for modified designs of LVDTs, different materials
and different frequencies, depending on the final product requirements.

4. Conclusions

LVDTs are regularly used magnetic displacement sensors due to their high precision
and robust design. Due to the open-type core a typical LVDT has, depending on the core
material, it is very important to take eddy currents into the account. This is especially
important if steel materials are used. It is important to take into consideration the magnetic
permeabilities and electrical conductivities of magnetic materials in the design of magnetic
displacement sensors. The frequency at which the sensor operates should also be considered
when choosing the core materials due to the increase in eddy current losses with frequency.

In this paper, the presented approach for eddy current losses calculation using a weak
AτA-formulation has taken into the account the particularity of the geometry of the LVDT
core. Numerical homogenization offers a simple way of taking into account edge effects
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for eddy currents induced by the magnetic flux tangential to the lamination surfaces. The
results are in good accord with other potential approaches. The suggested method, which
produces precise results, is simple to utilize for LVDT design optimization. Analysis of the
results obtained using presented methodology for eddy current losses calculation in LVDTs
enables the designer of those devices to know the losses depending on frequency, material,
and number of laminations and, thus, optimize the design of the LVDT. That means that the
presented methodology could influence the improvement of design standards for LVDTs, as
well as other electromagnetic devices. The simulation results take into account the standard
LVDT design, but the methodology can also be implemented for the analysis of modified
LVDT designs.

The proposed eddy current losses methodology’s scientific goal is to provide a tool
that can be used to study the eddy current phenomenon that occurs in LVDTs. Further
work could be based on the development of improved standardized design instructions
dependant on the core loss ratio of LVDTs dependent on frequency, material characteristic,
material availability, and necessary dimensions of the designed sensor.
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