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The aim of the study is to find a method to model electromagnetic devices which generate consequent magnetic leakage. Classical
methods have proved to be efficient but time consuming. The method proposed in this paper is based on the magnetic moment method
(MMM). An original methodology to obtain a simplified MMM model is described, adjusted with simple RNM model results. Besides
the good accuracy, the simplicity of the model makes it possible to consider complicated studies with reasonable resolution times.

Index Terms—Closed circuit device modeling, current transformer, magnetic devices, magnetic leakage, moment method.

I. INTRODUCTION

THE study aims to contribute to the modeling of electro-
magnetic devices containing closed magnetic circuits, in

particular current transformers as shown in Fig. 1.
To design new products or to improve existent ones, electrical

engineering and design departments require modeling software
with defined characteristics: three-dimensional (3-D) transient
state modeling with respectable accuracy, short computation
time, possibility of parameterization, and electronic coupling.

The difficulty of our problem is the quick saturation and the
extensive leakage caused by high primary currents (Fig. 2).

Finite element method (FEM) makes it possible to perform a
3-D transient state modeling of such configurations [1]. An ap-
plication to the studied device gives accurate results. However,
the method is time consuming and each change in geometrical
parameters implies a remeshing of the problem.

Another well-known and very competitive method to sim-
ulate 3-D transient state problems is the reluctance network
method (RNM) [2]. But its use is limited when 3-D magnetic
leakage appears, as it is difficult to determine and to describe in
a reluctance network [3].

For these reasons, the study focuses on another method which
gathers speed of simulation and saturation compatibility: the
magnetic moment method (MMM) [4].

After a short introduction to MMM, transient state results and
comparison with FEM are presented so as to validate the appli-
cation to current transformers. Then, results obtained by a sim-
plified MMM model are displayed. Finally, a nonconventional
coupling between this simplified magnetic moment method and
the reluctance network method [5] is presented in order to gen-
erate a simple model of our sensor.
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Fig. 1. Description of the studied device with closed magnetic circuit: a current
transformer.

Fig. 2. Leakage flux in the studied transformer for a primary current leading
to a saturated magnetic circuit.

II. MMM APPLIED TO CURRENT TRANSFORMER MODELING

A. Presentation of the MMM

1) Principle: Let us consider ferromagnetic elements
with uniform magnetization vectors
and call the field strength in the center of the ith element.

is the superposition of an external field (created by
inductors for example) and the magnetic field produced by each
element. We can write [6]

(1)

where defines the matrix relation between the field in the
center of the object , created by the object , and the mag-
netization vector of the object .
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Fig. 3. Temporal secondary current signal for a saturating magnetic circuit.
Comparison between experimental, FEM generated (Flux3D), and MMM
coupled with response surface generated signals.

Concurrently, in a ferromagnetic element, magnetization
vector evolves relatively to the magnetic field . The
relation is given by the material characteristic

(2)

Equations (1) and (2) describe the studied problem. Their si-
multaneous resolution with a relaxation procedure leads to the
solution.

2) Characteristics of the Method and Implementation: The
method is characterized by the restriction of the modeling to the
sources and ferromagnetic elements of the problem: No mod-
eling or meshing of vacuum nor infinity is needed. This has a
consequent effect on computation time and facilitates param-
eterization. Users must keep in mind, nevertheless, that com-
puting time increases quickly with the number of elements. This
is the main drawback of this method.

Radia software, which is developed by researchers of the Eu-
ropean Synchrotron Radiation Facility, has been chosen for the
study. Radia [7] is a powerful 3-D magnetostatic implementa-
tion of the MMM.

B. MMM Application

1) Coupling of Response Surface Method With MMM: The
pertinent information when studying current transformers is the
secondary coil response to a primary excitation . As
Radia implementation of MMM is limited to static simulations,
MMM secondary current signals are reconstructed using re-
sponse surface approach [8].

Each time step, is obtained reading response
surface for given and . Due to physical relations connecting
current transformer variables, flux under the secondary coil
can be deduced from .

2) Results: A 140 140 response surface generation re-
quires two days’ calculation on a PC PIII 1 GHz 512 Mo (1 min
per point).

Fig. 3 compares experimental temporal secondary current
with MMM and FEM. As can be seen, MMM reconstructed
signal gives fair results (15% for quadratic error).

Fig. 4. Elements’ distribution of the three element MMM models.

III. SIMPLIFIED MAGNETIC MOMENT METHOD (SMMM)

A. Principle

The aim of this part is to generate a simplified magnetic mo-
ment method based model with very few elements.

This approach is tested on the studied transformer (Fig. 1)
which is subdivided in approximately homogenous elements
(cf. Fig. 4 for ). The magnetization vector direction is
imposed a priori in each element. Due to symmetry, it is set in
the median plane. Magnetic field in the center of each block can
be expressed as follows:

(3)

where coupling coefficients and define the relation be-
tween one source ( or ) and its effect in the studied element.
These coefficients can be calculated with analytical formulas.
Authors prefer FEM calculations as a first step.

Concurrently, magnetization vector in an element can be
deduced from magnetic field by using the material characteristic
curve

(4)

Simultaneous resolution of (3) and (4) with a relaxation
process makes it possible for a given couple of currents
to determine a magnetic state of the device, for which can be
deduced the flux under the secondary coil.

B. Results and Limit of the SMMM

This method is applied to the three element model of Fig. 4.
The model proves to be efficient for saturated states (error

with FEM is lower than 3%), when real and imposed magneti-
zation directions in each element are compatible.

However, at low induction level, reducing the number of ele-
ments used by MMM deteriorates magnetization uniformity and
induces error (cf. Fig. 5).

In order to improve the model, authors tried other decompo-
sitions of the magnetic circuit [8] but they did not prove to be
relevant.

IV. SMMM ADJUSTED WITH SIMPLIFIED RELUCTANCE

NETWORK METHOD (SRNM)

Due to the simplicity of the model, uniformity hypothesis
necessary to MMM is not respected at low induction level. Cou-
pling coefficients of the model are thus theoretically wrong and
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Fig. 5. Flux under the secondary coil versus primary current (I = 0) at low
induction level. Comparison between SMMM, RNM, and FEM (Flux3D).

Fig. 6. Simplified reluctance network used to adjust SMMM parameters. It is
composed of two magnetomotive forces and one reluctance for each SMMM
element.

must be corrected to recover reliable results for the whole range
of current values. The idea is to use reluctance network method,
well-known for its accuracy in nonsaturated cases, to adjust the
model.

A. Correction of the Interaction Matrix

As a first step, authors choose to correct self parameters
with adjusting coefficients so that the new coupling parame-
ters’ matrix is defined by

for
(5)

For a given current or leading to a linear state, the
methodology is first to determine the magnetic field and mag-
netization mean values and on the median surface
of each element by a SRNM computation (cf. Fig. 6).

values are then calculated by solving the following system:

(6)
Fig. 7 presents variations of the flux under the secondary coil

when varies and is kept to zero. We can verify that the
correction of SMMM parameters with SRNM makes it pos-
sible to correct SMMM results for nonsaturated use (cf. Fig. 7).
This correction does not degrade consequently high saturation
results.

Poor results, though, remain at nil total magnetomotive force,
for nonsaturated states (Fig. 8) and another correction must be
applied.

Fig. 7. Flux under the secondary coil versus primary current (I = 0) for first
stage corrected MMM static calculations at low induction level. Comparison
with noncorrected MMM, RNM, and FEM (Flux3D).

Fig. 8. Flux under the secondary coil versus secondary current for a nil total
magnetomotive force (I = N I ). Comparison between FEM and SMMM
with or without first correction.

B. Correction of the Inductor Matrix

In order to respect Ampere’s law at low excitation level, mag-
netization vector in element no. 1 should be close to zero for a nil
total magnetomotive force. However, this propriety is not veri-
fied with the previous method (cf. Fig. 9).

For this reason, authors choose to correct the coefficients of
the matrix which are relative to the inductor “coil.” These
coefficients are multiplied by a common parameter . Its value
is chosen so as to fix magnetic field to a nil value inside element
no. 1 for a given value and ( is the number of
windings of the coil)

(7)

C. Static Results

Positive effect of this correction on magnetization in element
no. 1 is displayed on Fig. 9.

As shown by Fig. 10, this second correction makes it pos-
sible to reduce consequently error at low induction level (error
divided by 20) without damaging previous improvement of the
first correction.

With this model, each static point requires only 0.2 s of cal-
culation on a PC PIII 1 GHz 512 Mo, which has to be compared
with 20 min and 1 min for FEM and Radia calculations.
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Fig. 9. Magnetization value in the first element versus secondary current for
a nil total magnetomotive force (I = N I ). Comparison between corrected
and noncorrected SMMM calculations.

Fig. 10. Flux under the secondary coil versus secondary current for a nil
total magnetomotive force (I = N I ). Comparison between corrected and
noncorrected SMMM calculations.

Fig. 11. Sensor response for a saturating magnetic circuit configuration.
Comparison between FEM generated signal and three element SMMM with or
without corrections coupled with response surface generated signal.

D. Transient State Results

In such conditions, a 140 140 response surface requires
35 min to be generated and makes it possible to calculate in-
stantly the sensor’s response to any primary signal.

Figs. 11 and 12 present the reconstruction with the direct
model of a sensor response for primary excitations leading ei-
ther to saturated or to linear functioning.

Quadratic error with FEM (Flux3D) is inferior to 7% for high
primary current level and inferior to 1% otherwise.

Fig. 12. Sensor response for a linear configuration. Comparison between FEM
generated signal and three element SMMM with or without corrections coupled
with response surface generated signal.

V. CONCLUSION AND PERSPECTIVES

This paper presented a methodology to determine a very
simple (three elements), fast (static calculation lower than 1
s), and accurate (static error less than 7%) model of trans-
former which can easily be integrated in an electric simulation
software.

The model is parametrizable and makes it possible to consider
an optimization study.

The originality of the method is that it takes advantage of
magnetic moment method and reluctance network method per-
formances at high and low induction level, respectively.
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