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There has been an increasing awareness of research on magnetic properties of soft magnetic materials. In reality, the soft magnetic
materials are likely to be magnetized by 2-D rotating magnetic field. Moreover, the magnetic properties could be influenced by
mechanical stress. In order to investigate the magnetic properties thoroughly, numerous measurement apparatuses have been
developed, which could take rotating magnetic flux or mechanical stress into account. However, there is limited research on the
investigation of 2-D magnetic properties affected by laminated direction mechanical stress, as few mature devices could be employed,
since the traditional B–H sensing coils are easily damaged by laminated direction stress. Therefore, the sensing structure with
cubic specimen is proposed for 2-D magnetic properties measurement considering laminated direction stress. The printed circuit
board (PCB)-based B–H sensing coils, which are attached to the surrounding surface of the cubic specimen, could be free of
the impact of the z-direction mechanical stress. The accuracy of B–H sensing part is analyzed in detail by means of the finite-
element method as well as experiments. And, more remarkable, the deficiency of the artificial H-coils wound by enameled wire
is presented. Hence, a modified H-coil made of four layer PCBs is proposed in this paper, the measurement accuracy is proven
through experiments.

Index Terms— 2-D magnetic properties, B−H sensing coils, finite-element method (FEM), soft magnetic materials.

I. INTRODUCTION

IT HAS long been recognized that the rotating magnetic
flux appears in electrical machine cores and leads to

considerable power loss [1]. As motor efficiency concerned,
the rotating magnetic properties of electrical steel sheets need
to be investigated thoroughly, and the rotating power loss
requires accurate prediction. As a consequence, a substantial
body of the literature has been undertaken on the measurement
of 2-D vector magnetic properties.

The rotational single sheet tester (RSST) was proposed
to examine the comprehensive magnetic properties of square
electrical steel sheet, including the properties under alternat-
ing magnetization along arbitrary direction and the proper-
ties under rotating magnetization [2]. In order to enhance
the induction levels of tested square specimen magnetized
by small magnetomotive force, the RSST is modified. The
vertical–horizontal “double-C” yoke structure is employed,
and the air gap between the specimen and exciting pole
is minimized [3]. However, the magnetic field in square
specimen presents inhomogeneity due to demagnetizing effect.
Meanwhile, the strong magnetic field could be hardly achieved
at high frequency [4]. Thus, a novel broadband three-phase
magnetizer apparatus with circular specimen is developed,
which could overcome the drawbacks [5].

In addition, the magnetic properties of electrical steel sheet
are affected by stress because of produce process and external
environment. The alternating magnetic properties influenced
by laminated direction stress as well as magnetization direc-
tion stress have been explored, by applying specific appara-
tuses [6]–[9]. Furthermore, a novel 2-D magnetic properties
tester considering mechanical stress was developed. The tester
is based on cross-specimen, and investigates the 2-D magnetic
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properties of specimen under stresses along two magnetization
directions [10]. Nevertheless, there is a lack of research on 2-D
magnetic properties of electrical steel sheet under laminated
direction stress, and a few mature measurement apparatus have
been proposed.

Meanwhile, in most 2-D magnetic properties measure-
ment, vectors B (magnetic flux density) and H (magnetic
field strength) are detected by B-coils wound in two micro-
holes drilled on specimen and H-coils attached to specimen
tightly [11]. Both B-coils and H-coils are utilized according
to the law of electromagnetic induction.

Recently, the needle probe method is reported to measure B,
based on the potential difference produced by eddy current in
tested specimen [12]. However, in the 2-D magnetic properties
measurement considering laminated direction stress, the tradi-
tional micro-holes method, novel needle probe method, and
H-coils could not be employed, since B- and H-sensing
parts are restricted to destruction due to laminated direction
mechanical stress. While a novel sensing structure with cubic
specimen is designed for 3-D magnetic properties measure-
ment [13]. The sensing structure could be expanded to 2-D
property measurement considering laminated direction stress,
as all the sensing coils attached to the specimen surfaces which
is parallel to the stress direction, whereas the accuracy of the
novel sensing has not been emphasized.

Therefore, in this paper, the sensing structure with cubic
specimen is utilized to 2-D properties measurement consider-
ing laminated direction stress. The sensing coils are designed
based on printed circuit board (PCB), which could improve the
reliability and accuracy of B–H sensing part. The accuracy
of the sensing structure proposed in this paper is analyzed
in detail by applying the finite-element method (FEM), and
validated by experiments.

II. 2-D MAGNETIC PROPERTIES MEASURING APPARATUS

The 2-D magnetic properties measuring apparatus consid-
ered the laminated direction mechanical stress is illustrated
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Fig. 1. 2-D magnetic properties measuring apparatus.

Fig. 2. Structure of B and H sensing coils.

Fig. 3. Photograph of the real setup.

in Fig. 1. The overall apparatus is composed of stress loading
part, closed magnetic circuits, support, and pedestal. The
closed magnetic circuits consists of two orthogonal “C-type”
yokes, exciting coils and cubic specimen with four surrounding
core shoes. As the amplitude, frequency, and phase of the
x- and y-direction currents are controlled, vector B along the
arbitrary direction in magnetization xoy plane could be induced
in the specimen. And the stress along the z-direction, which
is parallel to laminated direction of electrical steel sheets
specimen, is exerted by rotating the handle wheel.

The sensing coils for B and Hx are attached to the surfaces
of the cubic specimen, as shown in Fig. 2. And B or H coils
fixed on the opposite surfaces are connected in series. Thus,
Bx - and By-coils detect the x- and y-direction components of
B in specimen, respectively. In the meantime, according to
the boundary condition of magnetic field strength, Hx - and
H y-coils detect the x- and y-direction components of H on
the surface of specimen. The photograph of the real setup is
shown in Fig. 3.

Fig. 4. Distribution of Bx and By components in specimen and B sensing
coils regions. (a) Bx = 0.6 T. (b) Bx = 0.4 T. (c) By = 0.6 T. (d) By = 0.4 T.

Fig. 5. Distribution of Bx and By components within B sensing coils regions.
(a) Bx = 0.6 T. (b) By = 0.6 T.

III. ACCURACY ANALYSIS OF B AND H SENSING COILS

In the measurement of 2-D magnetic properties of electrical
steel sheet, there is a great concern on the accuracy of sensing
structure for B and H. In this section, the accuracy of the
sensing coils in the apparatus is validated by both FEM and
experiments. The structure of B-coils and modified H-coils are
described in detail, and the calibration of B-coils and modified
H-coils are presented.

A. FEM Analysis of Closed Magnetic Circuit

In the FEM analysis of closed magnetic circuits, the currents
which present 5 A amplitude, 50 Hz frequency, and 90° phase
difference are set to the exciting coils. The distribution of Bx
and By components both in specimen and B sensing coils
regions are shown in Fig. 4. Each component of vector B is
homogeneous in specimen, and equal to the counterpart in B
sensing coils regions. Besides, on the surface which B sensing
coils attached to, the magnetic flux density distributions are
displayed in Fig. 5. Bx and By components present homoge-
neous within B sensing coils regions.
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Fig. 6. Distribution of Hx and H y components in specimen and H sensing
coils regions. (a) Bx = 0.6 T. (b) Bx = 0.4 T. (c) By = 0.6 T. (d) By = 0.4 T.

Fig. 7. Distribution of Hx and H y components within H sensing coils
regions. (a) Bx = 0.6 T. (b) By = 0.6 T.

In the same way, Hx and H y components in specimen
and H sensing coils regions are also examined. Fig. 6 shows
Hx and H y components in specimen and H sensing coils
regions. It indicates that each component of H in specimen
is homogeneous, and the same as the counterpart in H sens-
ing coils regions. Furthermore, on the surfaces of specimen,
Hx and H y distribution is homogeneous within the regions of
Hx - and H y-coils, as illustrated in Fig. 7

B. Structure of B and H Sensing Coils

In the 2-D magnetic properties measuring apparatus, all B
and H sensing coils are maintained in the gap which locates
between cubic specimen and core shoes. As a consequence,
small thickness of sensing coils is preferred to enhance the
magnetic field induced in specimen and improve the mea-
suring accuracy. Hence, B-coils made of four-layer PCBs are
employed, as presented in Fig. 8. The thickness of the PCB
for B-coil is less than 1 mm.

In addition, the original H sensing coils are wound around
the PCB of B-coils, as displayed in Fig. 9(a).The manual
H-coils are not ideal, as there is equivalent closed loop

Fig. 8. B sensing coils. (a) PCB diagram. (b) Product.

Fig. 9. Original H sensing coils. (a) Product. (b) Magnetic field strength
that the H sensing coils detected.

Fig. 10. Distribution of H y components within Hx -coils regions.
(a) By = 0.6 T. (b) By = 0.4 T.

whose area is perpendicular to Hn (the normal component
of magnetic field strength), as shown in Fig. 9(b). Thus,
the original H-coils detect both Ht (the tangential component
of magnetic field strength) and Hn . However, in the measure-
ment of 2-D magnetic properties, Hn in sensing coils regions
is considerable. It can be observed from Fig. 10, the normal
component H y within the regions of Hx -coils is greater than
100 000 A/m, while the tangential component Hx is less than
100 A/m, as shown in Fig. 6(a). Hence, the excess induced
voltage of H-coils is acquired, and the value of H could not
be obtained accurately.

A modified H-coil made of four layer PCBs proposed in
this paper. Fig. 11 shows the PCB diagram as well as the
product of modified H-coils. The conductors arranged on the
top and bottom layers constitute 25 turns closed conductors,
and the conductors on the two middle layers compose 25 turns
closed conductors. Since the projection of the conductors of
each coil is coincided perfectly, the equivalent closed loop
whose area is perpendicular to Hn is eliminated. Consequently,
the modified H-coils just examine the tangential component of
H on the boundary which is between the specimen and gap.
The thickness of H sensing coil is 1 mm, and the thickness of
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Fig. 11. Modified H sensing coils. (a) PCB diagram. (b) Product.

Fig. 12. Calibration solenoid. (a) Prototype of the solenoid. (b) Structure of
the solenoid with two fixed handles for H and B coils, respectively.

the overall sensing structure for B and H is less than 2 mm.
In the previous FEM analysis of measuring apparatus, the gap
between core shoes and specimen is 2 mm. The tangential
component of H is homogeneous within the sensing structure
region, and equal to the counterpart in specimen. Therefore,
the precision of modified H sensing coils is verified.

C. Calibration of B and H Sensing Coils

In order to calculate B and H of specimen precisely based
on the induced voltage of sensing coils, there is an urgent
demand for the exact correspondence relationship between
the voltage of sensing coils and the value of B and H. The
correspondence could be expressed in the following equation:

⎧
⎪⎨

⎪⎩

Bi = −KBV

∫

VBidt, (i = x, y)

Hi = −KHV

∫

VHidt, (i = x, y)
(1)

where VBi and VHi are the induced voltages of sensing coils,
KBV and KHV are the coefficients obtained by calibration. The
calibration apparatus is illustrated in Fig. 12. The standard
magnetic field is generated in the center of solenoid, when the
sinusoidal current is set to the exciting coils. In accordance
with the voltage of sensing coils, the calibration coefficients
are gained: KBV = 122.33 and KHV = 1.48 × 109.

IV. EXPERIMENTAL ANALYSIS

For further validation of B and H sensing structure in 2-D
magnetic properties measurement, the experiments measuring
B and H in tested specimen are conducted. Meanwhile,
the experimental results applied original H-coils and modified
H-coils are compared and analyzed.

Fig. 13. Two directions exciting currents and the induced voltage of
Hx -coils. (a) Results of original Hx -coils. (b) Results of modified Hx -coils.

A. Experimental Comparison Between Original
H-Coils and Modified H-Coils

The magnetic property of tested specimen laminated by
20WTG1500 along the x-direction is examined, when two
sinusoidal currents presented in Fig. 12 are set to the x- and
y-direction exciting coils simultaneously. The currents present
90° difference, and lead to rotating magnetic field in tested
specimen. The induced voltages of both original Hx -coils and
modified Hx -coils are obtained.

According to the law of electromagnetic induction,
the phase of Hx -coils induced voltage is 90° ahead of the
phase of magnetic flux along the x-direction. As the exciting
current shows the same phase of magnetic field in the gap,
the phase of Hx -coils induced voltage presents 90° ahead of
the x-direction exciting current. However, the phase difference
of the original Hx -coils induced voltage and the x-direction
current is 21.3°, as shown in Fig. 13(a). The obtained voltage
of original Hx -coils contains considerable induced voltage
which is influenced by the y-direction current. Fig. 13(b)
shows the induced voltage of modified Hx -coils. The phase
difference between the x-direction current and induced voltage
is 90°. Besides, the component H y is greater than Hx within
the region of Hx -coils, as previously analyzed by FEM. The
amplitude of original Hx -coils induced voltage is 1000 times
greater than the counterpart of modified Hx -coils induced
voltage. Thus, the modified Hx -coils will not be affected by
the magnetic field along the y-direction.
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Fig. 14. B–H fundamental magnetization curves along the x-direction of
non-oriented electrical steel. (a) Data provided by manufacturer. (b) Measure-
ment results.

B. Measurement Results of Fundamental
Magnetization Curves

For further validation of B and H sensing part, B–H
fundamental magnetization curves along the x-direction of
non-oriented electrical steel 20WTG1500 is obtained by the
measurement apparatus, when magnetized by the magnetic
field with different frequencies. And the measuring results
are compared with the fundamental magnetization curves
provided by manufacturer, which is gained by the Epstein
frame measuring system, as shown in Fig. 14.

The comparison of the fundamental magnetization curves
provided by manufacturer and measurement results when the
frequency of magnetic field is 50 and 100 Hz are presented
in Fig. 14(a) and (b), respectively. The measurement results
approximate the data of manufacturer well. As for the same
magnetic flux density, the magnetic field strength of measure-
ment results is greater than the counterpart of the data of
manufacturer.

V. CONCLUSION

In this paper, B–H sensing structure with cubic specimen
is developed for the magnetic properties measurement which
could consider 2-D rotating flux and laminated direction
mechanical stress. And the accuracy of the sensing structure
is analyzed by FEM. Nevertheless, original artificial H-coils
could not precisely measure the magnetic field strength in
specimen due to the influence of the normal component Hn .
Therefore, a modified H-coil based on PCB is proposed,
and the projection of the conductors of each coil is coincided

perfectly by specific conductor arrangement. The equiva-
lent closed loop whose area is perpendicular to Hn of modified
H-coils is eliminated.

B–H fundamental magnetization curves of non-oriented
electrical steel are measured by implementing the 2-D mag-
netic properties measurement apparatus, and the measuring
results are compared with the counterpart provided by manu-
facturer, which are gained by Epstein frame measuring system.
The measurement results show little difference with B–H
fundamental magnetization curves provided by manufacture.
At the same time, we applied this method to the measurement
of the magnetic properties of the motor, and achieved good
results. Consequently, B–H sensing coils could be adopted for
precise magnetic properties measurement taking 2-D rotating
flux and laminated direction mechanical stress into account.
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