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Abstract
This paper presents the development of a new class of current sensor based
on active materials for high-voltage transmission systems. This current
sensor is an innovative design with respect to conventional current
measurement transformers. The alternating current signal to be measured
induces a magnetic field in an emitter which consists of a magnetostrictive
material. The emitter transforms the current magnetic energy into mechanical
energy in the form of mechanical waves due to the alternating nature of the
induced magnetic field. These waves are transmitted through a dielectric
structure until a piezoelectric stack, the receiver, is reached which converts
the mechanical energy back into electrical energy. An electronic signal
module processes this low electrical current and estimates the primary
current to be measured. A numerical model has been developed to evaluate
the preliminary design. A small scale prototype has been built and tested to
demonstrate the feasibility of the current sensor. Experimental data have been
used to fit the damping parameters of the model.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Instrument transformers are devices for voltage and electrical
current measurements, which are key elements within modern
transmission and distribution systems. These devices
provide the basic input signals required for controlling the
power flows in any electrical grid. Their importance has
grown even higher in nowadays complex power networks
due to the tighter and precise control required within a
sector undergoing profound changes due to European, and
worldwide, electrical market deregulation. Conventional
transformers for measurement of elevated electrical currents
in high-voltage grids have secondary windings to produce
proportionally reduced electrical currents, i.e. 5 or 1 A,
which are suitable for measurement. For lines with voltage
levels of more than 220 kV, such instruments usually support

1 Author to whom any correspondence should be addressed.

currents higher than 2000 A, and these inductive measurement
transformers become large, heavy and expensive devices. So,
as the power of the electrical networks is steadily increasing
worldwide, manufacturers of instrument transformers and
electrical utility companies are becoming ever more concerned
with this problem.

Many research studies have been developed and technical
proposals have appeared looking for the resolution of this
issue. Fibre optic technology has attracted the attention of
the high-voltage community because it is based on dielectric
materials, such as plastic or silicon dioxide fibres, that are able
to transport signals. Fibre optic measurement transformers
can be classified into two major categories: passive and
active fibre optic approaches [13]. The former is probably
the most conventional and it uses the fibre optic as a simple
carrier of the signals of the sensors from the high-voltage
side to the processing circuits of the secondary side. The
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latter uses the fibre optic as an active measurement element
itself; either the measurement is generated in the fibre itself
or an optical device which is optically coupled to the fibre
is used; see for instance [14, 16]. The major drawbacks
of the fibre optic alternatives are the several factors that
affect the measurements, such as temperature, vibrations and
linearity [1, 8], as well as others related to the complexity
of the required electronic circuits and cost of the system. In
fact, several prototypes using fibre optics to measure electrical
current have been built and tested in real power transmission
lines but none has reached a stage of wide commercial
acceptance.

In contrast, other technological fields have started
the development of new concepts based on hybrid smart
structures. For instance, magnetostrictive and piezoelectric
composites have been developed for high-voltage miniature
transformer applications [7], a hybrid Tonpilz transducer
based on a magnetostrictive tube and piezoelectric ring stack
driver was studied in [2], magnetic field sensors have been
developed using magnetostrictive–piezoelectric materials [17],
piezoelectric sensors and shape memory alloys washers have
been applied to self-repairing bolted joint design [15], and a
smart wing using a shape memory alloy tube as torsion actuator
and piezoelectric ultrasonic motors in the trailing edge control
surface has been studied in [19].

In this paper a measurement transformer based on active
materials for high-voltage transmission lines is presented.
This new approach is based on mechanical wave transmission
due to coupling between active materials through a dielectric
medium. This feature constitutes the main difference from
the aforementioned hybrid smart structures. From the
electrical point of view, the dielectric medium is responsible
for dropping the voltage down to low voltage in order to
protect the measurement parts of the transformer. If the
performance of the current sensor takes into consideration
not only the input/output ratio but also safe operation in
high-voltage applications, the addition of a dielectric medium
improves the global performance. This sort of transformer
reduces the weight, volume, manufacturing cost and avoids
the necessity of isolating oil, when compared to traditional
measurement transformers that use magnetic flux variations.
Regarding fibre optic approaches, this current sensor features
lower complexity and lower cost electronic circuits and
provides more thermal stable behaviour. Despite the evident
improvements, depending on the sort of active material used,
active material sensors can exhibit more or less performance
ageing. Other difficulties derived from the use of active
material can arise, such as hysteretic behaviour or intrinsic
nonlinear behaviour.

The goal of this paper is to show the feasibility of this new
class of measurement transformer. In order to demonstrate the
validity of the design, the development of a small prototype
have been carried out as a prior step to manufacturing a
full-size device. To help the design process a numerical
simulation program has been established. The requirements
of such a program have been simplicity, robustness and low
computational cost. Therefore, the numerical simulation
program is based on simple active material constitutive
modelling, i.e. one-dimensional and weak coupling between
fields. Another objective of this paper is to show that the

functioning principle works as expected by means of direct
comparison between measurements and numerical simulations.
Despite the simplicity of the numerical models used in the
prototype design the results obtained are able to reproduce the
experimental response quite closely.

The remainder of the paper is organized as follows.
Section 2 summarizes the basic functioning of the proposed
current sensor. Section 3 provides a brief description of the
numerical modelling used to evaluate the current sensor design.
Section 4 outlines the experimental program to evaluate the
performance of the current sensor and shows the comparison
between numerical simulation and experimental data. Finally,
in section 5 the main conclusions of this study are drawn.

2. Description of the current sensor

The current sensor is made of two main parts: the active
structure and auxiliary structure. Figure 1(a) shows a sketch
of the active structure together with the auxiliary structure.
The active structure which is located inside auxiliary structure
is essentially formed by an emitter element (E), a dielectric
medium (D) and a receiver (R). The emitter (E) is based
on a magnetostrictive material that generates longitudinal
elastic waves due to the alternating magnetic field induced by
the primary current to be measured (I). Thus, the magnetic
energy induced in the magnetostrictive emitter is converted into
mechanical energy in the form of longitudinal elastic waves
that propagate through a dielectric coupling structure until
the receiver is reached. The dielectric medium (D) is used
not only to propagate longitudinal elastic waves but also to
electrically isolate both the receiver and the electronic signal
processing module from the high voltage of the electrical line.
Evidently, as the length of the dielectric medium increases
so do the energy losses. However, this length is determined
by the voltage drop required by the receiver to operate, from
the electrical point of view, in safe conditions. Basically, the
receiver (R) is made of a stack of piezoelectric discs. The
receiver transforms the mechanical energy transmitted by the
longitudinal elastic waves into electrical energy in the form
of a low alternating electrical signal. Finally, these electrical
signals are then filtered, amplified, and processed through
the electronic signal processing module (ESPM) in order to
obtain a measurement of the high primary current. The ESPM
estimates the primary current from the piezoelectric output
signal using an inverse function of the results of the fitted
numerical model and experimental data.

In order to obtain a measurable electrical signal at the
receiver, the auxiliary structure provides sufficient stiffness
to the active structure; see figures 1(a) and 2(a) for further
details. Broadly speaking, this auxiliary structure is made of
a compression device (C), and top (T) and body (B) structures.
The compression device (C) is basically a screw which applies
the precompression level to the active structure. The top
structure (T) provides the housing for the primary current cable
(I) and compression device (C). The body structure (B) is a
hollow cylinder of alumina. Both top and body structures are
mechanical parts used to couple all the elements together and
provide sufficient stiffness to consider the mechanical structure
as if it was almost clamped. The body structure not only
contributes to the global stiffness of the auxiliary structure but
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Figure 1. Proposed current sensor: (a) functioning diagram and (b) small-scale sensor.

Table 1. Main dimensions of the small-scale current sensor.

Length Diameter
Component Material (×10−3 m) (×10−3 m)

Emitter TXRE 20 20
Dielectric Alumina 160 20
Receiver PZT5 Type II 4 20

Compression Stainless steel 35 20
Top Stainless steel 60 Inner 25,

outer 100
Body Alumina 155 Inner 25,

outer 50

also enhances the electrical isolation. Due to these reasons,
alumina was selected as the material for the body structure.
In figure 1(b) the actual small-scale current sensor is shown.
Basically, only the auxiliary structure can be seen in this figure.
The body cylindrical structure, labelled as (B), together with
compression device (C) and top structure (T) encapsulates the
primary current cable (I). The output signal of the receiver is
connected to the electronic signal processing module by the
cable at the bottom (O). Despite the fact that high-current-
carrying cables can usually vibrate a lot, the mechanical design
of the auxiliary structure provides sufficient stiffness to isolate
this vibration from the active structure which is responsible for
the measurement of the output signal.

The current sensor shown in figures 1 and 2 corresponds to
a small-scale current sensor and has been built to demonstrate
the feasibility of the principle of functioning presented herein
in order to be developed for high-voltage applications. The
dimensions of each part of the small-scale sensor are several
times lower than the actual current sensor. The dimensions
of the small-scale sensor are listed in table 1. In order
to reproduce normal operation, the magnetostrictive emitter
must be used under high-current conditions while the level of
voltage is not so relevant. Due to current sensor size and power

limitation reasons, the small-scale sensor has been tested under
high-current and low-voltage conditions.

The design process has implied the development of a
virtual prototype and its finite element model in order to
evaluate, prior to the manufacturing of the current sensor, the
performance of the system. The active structure has been
modelled by means of the finite element method and the
auxiliary mechanical structure has been taken into account
using lumped techniques. An exploded view of the current
sensor is depicted in figure 2(a), and figure 2(b) sketches the
structural model used in the simulation of the proposed current
measurement transformer. The structural model consists of
a continuous longitudinal structure made of magnetostrictive,
dielectric and piezoelectric materials, denoted by subscripts m,
d and p respectively. The auxiliary structure corresponds to
lumped mass, denoted by m, and stiffness, k, contributions of
compression, top and body structures, denoted by subscripts
c, t and b respectively. Both active and auxiliary structures
are mechanically coupled through the displacement of the top
structure, u t.

3. Active sensor modelling

The active sensor modelling stage was developed to evaluate
that the virtual design of the current sensor was able to
fulfil the initial requirements needed by the measurement
transformer. The most relevant requirements for such a sensor
are a minimum level of electrical output signal that could be
measured and processed by the electronic signal processing
module and stable response in a frequency range of the current
transmission line as well as maximum signal to noise ratio.

To model the dynamic performance of the current
sensor one-dimensional modelling has been chosen. One-
dimensional models are worth considering in order to obtain
both accurate and computational low-cost solutions. The
one-dimensional structural model is based on the assumption
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Figure 2. Small-scale current sensor: (a) exploded view and (b) structural model.

that only longitudinal modes are responsible for mechanical
wave propagation along the active structure of the current
measurement transformer. This assumption relies not only on
physical considerations but also on published results elsewhere
showing that this assumption provides sufficient accuracy to
properly describe the actual response of similar devices; see for
instance [5]. Thus, longitudinal displacement of the structure
will be considered as the fundamental degree of freedom to
model the dynamics of the current measurement transformer.
The active sensor modelling stage has been mainly concerned
with operational parameters that describe the performance of
the current measurement transformer and the goal was to
provide the foundation to develop and manufacture the current
sensor.

Considering the active sensor model shown in figure 2(b),
the axial linear momentum balance equation reads as

∂Tm

∂x
= ρm

∂2um

∂t2

∂Td

∂x
= ρd

∂2ud

∂t2

∂Tp

∂x
= ρp

∂2up

∂t2

(1)

where u(x, t) is the axial displacement field, T (x, t) the stress
field, ρ the density, and x and t are position and time variables.
Constitutive equations are required to formally well pose the
problem of finding the dynamic response of the current sensor.
In what follows, the constitutive models are introduced.

3.1. Magnetostriction model

One of the main approaches followed in magnetostrictive
modelling is based on the thermodynamic mean field theory
of Jiles and Atherton; see for instance [3, 6, 10–12, 18].
Despite the fact that this model describes the hysteretic
behaviour of magnetostriction, one important drawback that it

Table 2. Properties of magnetostrictive material (TXRE).

Parameter Symbol Units T0 = 3 MPa T0 = 7 MPa

Density ρ kg m−3 9200 9200
Elastic s H m2 N−1 3.3 × 10−11 2.8 × 10−11

compliance
Constant a2 m2 A−2 1.4 × 10−12 4.1 × 10−12

exhibits is the difficulty to obtain standard model parameters
for magnetostrictive materials, and experiments must be
conducted to obtain them. Nonlinear coupled constitutive
relationships based on Gibbs free energy are developed in [4].
This model couples thermal and mechanical fields which
can result in high computational cost models, specially in
finite element implementations. Finally, one ingredient of the
aforementioned models is the phenomenological relationship
between magnetic field and magnetostrictive strain. This sort
of model fails to take into account magnetostrictive irreversible
behaviour. However, as it will be seen latter, it is accurate
enough to provide a good description of induced strain by
magnetostriction and it is quite easy to obtain reliable material
properties.

The magnetostrictive model adopted in this paper
corresponds to the phenomenological behaviour between
magnetostrictive and magnetic field as follows:

Sm = s H (Tm − T0) + λm

where Sm is the magnetostrictive strain, s H the elastic com-
pliance at constant magnetic field, T0 is the precompression
stress, and λm is the magnetostrictive induced strain. From a
phenomenological point of view this induced strain can be ex-
pressed by

λm = a2(T0)H2(x, t)

in which a2 is a magnetostrictive constant and H is the
magnetic field. The advantage of such a model is that it
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Figure 3. (a) Axisymmetric finite element mesh of the emitter plus
air, (b) vertical component of the magnetic field on the emitter.
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Figure 4. Equivalent electronic circuit scheme of the open circuit
test.

provides accurate enough results with low computational cost.
The properties of the magnetostrictive material used in the
simulations are shown in table 2.

The contribution of the induced magnetostrictive strain
has been added as a force. Therefore, the coupling between
magnetic and mechanical fields is neglected. This weak
coupling assumption is quite reasonable and has been used
elsewhere; see for instance [3, 6].

Hence, to determine the magnetostrictive strain the
magnetic field H must be computed. An axisymmetric
electromagnetic finite element model has been used to
determine the magnetic field created by the primary current
on the magnetostrictive emitter. In figure 3(a) the mesh
of the axisymmetric model is shown. The mesh consists
of three main parts: the inner rectangular part is the
magnetostrictive material, the outer rectangular part is the
current conductor, and the main semicircle the air. In
figure 3(b) the vertical component of the magnetic field is
presented. Once the magnetic field distribution is computed
the induced magnetostrictive strain field can be obtained.

3.2. Dielectric model

The dielectric material can be modelled as a linear elastic
material. Therefore the constitutive equation is

Sd = sdTd

Table 3. Properties of dielectric material (alumina).

Parameter Symbol Units Value

Density ρd kg m−3 3970
Elastic compliance sd m2 N−1 2.5 × 10−12

Table 4. Properties of piezoelectric material (PC5 Type II).

Parameter Symbol Units Value

Density ρp kg m−3 7750

Elastic compliance (short) sE m2 N−1 17.2 × 10−12

Elastic compliance (open) sD m2 N−1 9.4 × 10−12

Charge constant dp C N−1 409 × 10−12

Permittivity εT Fa m−1 1.5 × 10−8

where sd is the elastic compliance of the dielectric material
and Sd is the dielectric strain. The properties of the dielectric
material used in the numerical model can be found in table 3.

3.3. Piezoelectric model

The longitudinal displacement waves induced by the magne-
tostrictive emitter are transmitted through the whole structure,
producing an induced electric charge in the poles of the piezo-
electric receiver. This charge is directly related to the piezo-
electric strain transmitted by the dynamic behaviour of the
structure on the piezoelectric stack. When the current measure-
ment transformer is subjected to time-dependent external exci-
tation, the piezoelectric strain shows a time evolution which is
described by the structural dynamic interaction among magne-
tostrictive, dielectric and piezoelectric parts. Thus, the varia-
tion of strain with respect to time produces an electric charge
variation which eventually leads to the establishment of an
electric current.

Linear piezoelectric constitutive behaviour is used to
compute the receiver response. The model corresponds to
the classical piezoelectric model reported elsewhere; see for
instance [20]. Therefore, the constitutive equations are

Sp = sETp + dp Ep

Dp = dpTp + εT Ep

(2)

where Sp is the piezoelectric strain, sE the elastic compliance
at constant electric field, dp is the piezoelectric constant, Ep the
piezoelectric electric field, Dp the electric displacement and εT

the permittivity at constant stress. In table 4 the piezoelectric
material properties are shown.

Once the induced piezoelectric strain is computed by
means of the finite element model the corresponding output
can be obtained depending on the electronic circuit used to
measure the output. Two configurations have been tested: open
and short circuit layouts.

Open circuit layout implies that there is no induced
electric charge, that is, Dp = 0. Using equations (2) and
assuming uniform electrical field, the relationship between the
piezoelectric strain and the piezoelectric open circuit voltage,
Voc, is

Voc = − dp B

εTsD
Sp

567



O Lopez-Garcia et al

P
ie

zo
el

ec
tr

ic
 o

ut
pu

t v
ol

ta
ge

 r
m

s 
(m

V
)

Experimental T0 =3 MPa
Numerical T0 =3 MPa

0 50 100 150 200 250 300 350 400
Input current rms (A)

0

50

100

150

200

250

300

P
ie

zo
el

ec
tr

ic
 o

ut
pu

t v
ol

ta
ge

 r
m

s 
(m

V
)

0 50 100 150 200 250 300 350 400
Input current rms (A)

0

50

100

150

200

250

350

300

Experimental T0 =7 MPa
Numerical T0 =7 MPa

(a) (b)

Figure 5. Open circuit voltage function of current input for precompression of (a) T0 = 3 MPa and (b) T0 = 7 MPa.

where B is the thickness of the piezoelectric stack, and sD =
sE − d2

p/εT is the elastic compliance at constant electric
displacement.

The piezoelectric short circuit current is computed taking
into account that the piezoelectric voltage or electric field is
zero, that is, Ep = 0, and taking into account equations (2)
the corresponding relationship between piezoelectric strain and
short circuit current, Isc, is

Isc = A
dDp

dt
= dp A

sE

dSp

dt

where A is the piezoelectric stack cross section.

3.4. Finite element model

The aforementioned constitutive equations, together with
axial linear momentum balance, equation (1) and small
displacement definition of strain, that is S = ∂u/∂x , establish
the system of partial differential equations to be solved. The
finite element method has been chosen to numerically obtain
the current sensor performance and structural response. Taking
into account continuity between displacement and stress fields,
the contribution of the auxiliary mechanical structure, and
applying an standard finite element discretization to (1), the
following set of ordinary differential equations is obtained:

M · a + C · v + K · u = F (3)

where M , C, and K stand for the mass, damping and stiffness
matrices respectively, and a, v, u, and F are the acceleration,
velocity, displacement and nodal force vectors, respectively.

Dissipation has been taken into account using a
proportional damping, more commonly known as Rayleigh
damping. Using this scheme, the damping matrix is computed
as a linear combination of the stiffness and mass matrices:

C = αM + βK (4)

where α and β stand for the mass and stiffness proportional
damping constants, respectively. Once the assembly process

Isc
Cin,b

Circuit boardPiezoelectric

Cout

Figure 6. Equivalent electronic circuit scheme of the short circuit
test.

has been performed the mass and stiffness matrices are
obtained and therefore the damping matrix can be easily
computed.

To obtain the time response to the alternating magnetic
field acting upon the current sensor, a standard finite difference
time discretization has been used to solve the system of
ordinary differential equations (3). More precisely, a Newmark
scheme has been implemented following the algorithmic
consideration mentioned elsewhere; see for instance [9]. In
particular, a trapezoidal rule has been chosen because of
unconditional stability, implicit and second order of accuracy
properties.

4. Comparison between numerical and experimental
results

The comparison between computer simulation results and
experimental data of the current sensor are presented in this
section. During the experimental program of the current
sensor two main sorts of test have been considered: that
is, the input/output ratio for open circuit and short circuit
configurations.

The proportional damping method used in the model,
equation (4), depends on two parameters, α and β , and it
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Figure 7. Short circuit current function of current input for precompression of (a) T0 = 3 MPa and (b) T0 = 7 MPa.

is common practice that they must be determined from the
damping ratio of the structure. The damping ratio has been
obtained by means of the fitting of numerical response and
experimental results. After the comparison of both numerical
and experimental data a value of damping ratio of 20% at
50 Hz has been obtained to fit the experimental data accurately
enough to numerical simulations. Once the determination of
damping ratio has been carried out, it can be said that the
simple model proposed obtains accurate results not only for
one sort of electronic tests but for all the tests considered.

In figure 4 the equivalent circuit scheme of the open
circuit to measure the output circuit voltage is shown. The
piezoelectric signal is analysed by an oscilloscope. From
the electronic point of view, the piezoelectric receiver can be
regarded as a voltage source, Voc, associated with a capacitor
of capacity Cout determined by the permittivity properties
of the piezoelectric material. Additionally, the oscilloscope
presents an input impedance formed by a resistance Rin,o,
associated in parallel with a capacitor, Cin,o. Despite the fact
that formally there is some resistance between the piezoelectric
and the oscilloscope, this resistance is not considered because
is negligible when it is compared to the other impedances. This
consideration is also used for the short circuit configuration.

The input current is a current signal at 50 Hz frequency.
The tests are performed at different primary current root mean
square levels which range between 50 and 350 A. The output
signal of the current sensor, the root mean square of the open
circuit voltage, is measured and computed at every input level.
In figure 5 the output voltage, that is the piezoelectric voltage,
a function of the input current, namely the primary current, is
shown at two precompression levels of 3 and 7 MPa for both
experimental and numerical results at a primary frequency of
50 Hz.

Figure 6 presents the equivalent circuit scheme of the short
circuit to measure the output circuit current. The piezoelectric
signal is analysed using a circuit board with an impedance of
capacity, Cin,b. A more detailed model of the circuit board
could include a resistor in parallel. However, this resistor
presents a very high impedance when it is compared to the

capacitor impedance at frequencies of 50 Hz; thus, the resistor
can be neglected. In this case the piezoelectric receiver can
be considered as a current source, Isc, and the same capacitor
of the short circuit, Cout. The tests are performed at the same
primary current levels of the open circuit test. The root mean
square of the short circuit current is measured and computed at
every input level. In figure 7 the piezoelectric output current
function of the input current is shown at two precompression
levels of 3 and 7 MPa for both experimental and numerical
results at a primary frequency of 50 Hz.

Both experimental and numerical data show that a high
precompression value implies a high output signal, for either
open or short circuit layouts. This trend is a direct outcome of
the well known magnetostrictive behaviour under compression
which is certainly quite well modelled, and it can be verified
by the experimental data.

5. Conclusions

The main conclusion that can be drawn from the experimental
tests and design is that a magnetostrictive emitter coupled to a
piezoelectric receiver through a dielectric material can be used
to measure current in high-voltage lines. Both experimental
and numerical modelling data have shown that a measurable
current can be obtained to determine the actual current of the
high-voltage line. The current sensor development is currently
in the manufacturing process of the actual sensor to be tested
in real power transmission lines.

The output signal dependence upon input current is
quite well modelled in this paper and shows that despite its
simplicity, the numerical model can be regarded as an accurate
enough tool to evaluate preliminary designs. It is evident
that the numerical modelling can be improved by means of
the incorporation of more sophisticated constitutive models,
especially those referring to the magnetostrictive emitter which
take into account the hysteretic behaviour. However, it should
be remarked that one of the modelling program requirements
was the development of computational low-cost models.
Therefore, taking into account accuracy and computational
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cost, a trade-off between them needed to be achieved. At
the design stage the main concern was the development of
a numerical model able to aid the manufacturing process by
obtaining accurate enough data about the performance of the
sensor. In this regard the constitutive models used satisfy the
initial requirements of accuracy and computational cost.

Currently the authors are working on the development
of a new phenomenologically based constitutive model for
the magnetostrictive material that will be able to improve
the numerical model by means of a better description of the
hysteretic behaviour and the energy dissipated by the sensor in
the dynamic process.
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