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Abstract—The mutual influence of orthogonal magnetic fields on ferrite magnetic characteristics was exper-
imentally studied. Experiments were performed in a pulse mode using a compound specimen. An induction
probe positioned in the gap between its parts was used in magnetic-field measurements. A numerical simula-
tion showed that the field strength in the central part of the gap corresponds to the field inside the ferromag-
netic material with an accuracy of 5—7%, if the gap width is substantially smaller than its length. The analysis
of the measurement results demonstrates a substantial difference (by 30—50%) in the dependences of the
magnetic permeabilities on the magnetizing-field strength in the collinear and orthogonal directions.
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INTRODUCTION

The structure of the magnetic field in ferromagnets
may have a complex spatial character. Typical exam-
ples of the situations where it is necessary to consider
for the joint action of several spatial magnetic-field
components are ferrite antenna devices [1], elements
of magnetic circuits of electric machines, and ferro-
magnetic elements of transforming devices and auto-
matics. Such situations take place when developing
magnetic nondestructive-testing methods [2, 3] and
determining the force fields in ferromagnets [4].

To correctly take the material properties into
account in such cases, it is insufficient to use the
dependences B(H) that are obtained under standard
testing conditions. The necessity of taking the tensor
character of the permeability into account, which is
displayed in both isotropic and laminated materials,
was shown in many studies [5, 6]. Because of the com-
plexity of the experiments and representation of the
measurement results that were obtained in this field,
the experimental data may be somewhat contradicting
(e.g.,[7, 8]).

In connection with this, an urgent task that pro-
vides obtaining reliable and comparatively easily inter-
preted data is to perform experimental studies in a suf-
ficiently simple geometry. Such a task may involve
investigations of the influence of an external field,
which is orthogonal to the operating magnetic flux, on
a toroidal core with a rectangular cross section. The
influence of the orthogonal component does not

directly result in the induction of spurious voltages in
the circuit but may influence the effective permeabil-
ity of the core.

TASKS OF THE STUDY

The objective of this study was to investigate the
influence of a transverse magnetic field on the effec-
tive magnetic permeability of a toroidal ferrite core,
which is measured along the operating axis (toroidal
field). Paper [4] is of methodological interest for the
arrangement of measurements, because a facility for
creating a field in a specimen using an external mag-
netic circuit is used in it.

One of the main problems in such investigations is
a correct measurement of the magnetic-field strength
in a specimen, which is magnetized by an external cir-
cuit. The technique used in the aforementioned papers
to measure the ac magnetic-field strength consists in
the use of a thin flat induction probe, which is placed
in the immediate vicinity of the specimen wall. It is
assumed that owing to the continuity of the vector H
component that is tangential to the interface between
the ferromagnet and external medium, the field
strength, which is measured by an external probe near
the interface, corresponds to the field strength inside
the ferromagnet. Thus, from the standpoint of the
probe geometry, the conditions under which the thin
probe is positioned as close to the ferromagnet surface
as possible, are optimal.

539



540

BT
0.20
0.18
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
L0

Fig. 1. Geometry of the calculated region: (/) magnetic
circuit and (2) investigated specimen.

The minimum probe thickness is limited by the
technological possibility of its manufacturing and the
small value of the obtained signal, especially at low
frequencies. In the aforementioned study devoted to
investigations of 3D characteristics of soft magnetic
composites, small-thickness (0.5 mm) flat magnetic
probes with a large number of turns (200) were used to
measure the magnetic-field strength. The probes were
placed on the central part of the specimen side surface.

It is obvious that the magnetic-field strength mea-
surements using induction probes near the vacuum—
ferromagnetic material (FM) interface does not allow
unambiguous determination of the magnetic-field
strength inside the FM. This is determined by large
magnetic-field gradients near the boundaries and
fixed dimensions (which are determined by the tech-
nical possibilities) of the measuring probes.

It becomes possible to determine the magnetic-
field strength in a ferromagnet, if the approach pro-
posed below is used. The magnetic-field strength
measured outside of the FM will be close to the
strength inside it, if the strength is measured in the gap
between two parts of a specimen. In this case, the
transverse size of the gap must be much smaller than
its length. Let us illustrate this using an example of the
results of a numerical simulation, which was per-
formed for a system of two concentric ferrite rings.

SIMULATION OF CONDITIONS
OF MAGNETIZING-FIELD STRENGTH
MEASUREMENTS

The magnetic circuit consists of an external mag-
netic circuit with exciting windings, air gaps, and an
investigated specimen. The axially symmetric magne-
tostatic problem was solved using the finite-element
method at a constant relative permeability of all ferro-
magnetic elements of the circuit, which is equal to
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Fig. 2. Radial distributions of the magnetic-field strength
in the specimen: (/) in the central cross section of the cal-
culated region and (2) at a distance of £1 mm from the
central cross section.

1000. Figure 1 shows the geometry of the calculated
region that contains investigated specimens—concen-
tric ferrite rings—and the poles of the external mag-
netic circuit. The calculation is based on the geomet-
rical parameters of a specimen that is prepared for
measurements. The radial gap between rings is
0.75 mm at radial thicknesses of the inner and outer
rings of 2 and 2.3 mm, respectively.

The distribution of the magnetic-field induction
that was obtained in calculations is illustrated by a
change in the brightness of the half-tone pattern in
Fig. 1. The radial distributions of the magnetic-field
strength near the central cross section of the calculated
region (Z = 0) are shown in Fig. 2. Curve [ corre-
sponds to the central cross section, and curve 2, to the
cross section positioned at a distance of 1 mm from the
central one along the vertical axis. According to the
obtained data, the radial strength gradient at the outer
and inner specimen surfaces is unacceptably large for
measuring with a probe whose dimensions are imple-
mented under laboratory conditions without applica-
tion of special expensive technologies.

At the same time, the expected measurement error
in the region of the gap between specimens near the
central plane is small (curve [/ in the inset in Fig. 2).
The calculation showed that an acceptable value of the
measurement error holds in a region of £0.15 of the
specimen height along the vertical axis. In the region
of the gap, the deviation of curve 2 from curve I
reaches approximately 15%. If a probe with a vertical
size of 2 mm, which is located in the middle of the gap,
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Fig. 3. Arrangement of the element in the measuring scheme: (/) investigated specimen; (2) external magnetic circuit; (3) probe;
(4) turn for measuring the transverse induction; (5) exciting and measuring windings of the toroidal induction component;
(6) coil of the field-strength-measuring probe; (7) plastic frame; and (&) plastic spacer.

isused, the field-strength measurement error averaged
over the entire probe volume is no more than 5—7%.

EXPERIMENTAL TECHNIQUE

The experiment on the study of the influence of an
external orthogonal magnetization of a specimen on
its effective permeability W, = B,/ Ho, Which is mea-
sured from the flux along the toroidal axis of the core,
was planned taking the numerical-simulation results
into account. The diagram of the arrangement of ele-
ments in the experiment is shown in Fig. 3.

Specimen / consisting of two concentric 1000HM
ferrite rings was placed between the poles of external
magnetic circuit 2, the calculated gaps along the Z axis
being provided. Probe 3 with a height of 1 mm for
measuring the field strength, which consisted of two
counter-wound coils 6 (5 turns in each) was placed
inside the measuring gap between the parts of the
specimen. The coils were wound with a 0.08-mm-
diameter PEV2 wire on plastic frame 7so as to provide
a radial gap between the coils that determines the
field-strength-probe sensitivity.

The gap value between the coils was determined by
0.5-mm-thick cylindrical plastic spacer 8. The coil
terminals are made in the form of a twisted pair for
reducing spurious coupling to the other elements of
the magnetic circuit. Windings 5 for exciting and mea-
suring the toroidal induction component are wound in
two wires and contain 10 turns each.

The vertical axis of the specimens is encompassed
with turn 4 for measuring the transverse (biasing)
induction. The magnetic flux measured using a signal
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of this turn contains a spurious component, which is
associated with the field concentrated in the paraxial
region that contain no FM. However, simple estimates
show that the influence of this component is negligibly
low at all possible states of the core in the experiment.
The signal from the turn that measures the biasing
induction together with the field-strength signal is
required for monitoring the dependence B(H) for the
specimen, which is obtained in the biasing circuit.

The external magnetic circuit is composed of
0.25-mm-thick transformer-steel layers. The mag-
netic circuit contour contains air gaps of significant
lengths and has a high magnetic resistance. To attain a
transverse-field induction that exceeds the material-
saturation induction (~0.3 T) in the specimen, the
magnetomotive force was created in the magnetic cir-
cuit via a discharge of a capacitor with a capacitance of
180 pF with a charging voltage of up to 100 V into the
exciting winding. The number of turns in the exciting
winding is 10, and the cross section of the external
magnetic circuit is 45 X 22 mm?. Because of the pres-
ence of gaps, which reduce the field strength in the fer-
romagnet, and the discharge-current shape in the
form of decaying oscillations in the magnetic-circuit
material, no appreciable residual magnetization
effects were observed. The first half-period of the dis-
charge current lasted ~300 ps.

The exciting winding of the toroidal field was sup-
plied from a G3-112/1 sine-wave generator (AOOT
Radiopribor, Russia, Velikie Luki) with an output
impedance of 50 Q through a matching transformer
with a transformation ratio of 1:10. The amplitude of
the toroidal magnetic field in the specimen was much
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Fig. 4. Magnetization curves in the direction of the speci-
men’s transverse axis that were obtained using (/) the stan-
dard technique and (2) measurements in the gap.

lower than the ferrite-saturation induction and had an
insignificant effect on the specimen magnetic state. A
frequency of 50 kHz that was chosen for measure-
ments allowed observation of the dynamics of changes
in the ferrite permeability upon application of an
external field, which was produced by the magnetic
circuit.

A signal that was proportional to the value of the
toroidal field was picked off the measuring winding,
which was identical to the exciting winding. The cur-
rent in the exciting winding was measured with a low-
inductance shunt with a resistance of 0.078 €. The
measured current value was used to determine the
toroidal component of the magnetic-field strength.

Signals were recorded with a 4-channel DP0O3034
oscilloscope (Tektronix). Signals from the induction
and transverse-field-strength probes, as well as current
and toroidal-field-induction signals, were simultane-
ously recorded. Signals from the induction and
strength probes were integrated during processing of
the recorded signals.

ANALYSIS
OF THE EXPERIMENTAL RESULTS

The branch of the specimen-magnetization char-
acteristic that corresponds to the transverse field is
shown in Fig. 4 (curve 7). Curve 2 corresponds to a test
experiment on magnetizing the core along the toroidal
axis using a discharge of a capacitor with a capacitance
of 0.15 pF without application of an orthogonal field.
Comparing the obtained dependences B (/) of the
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Fig. 5. Evolution of the dependence B,(H,) along the
specimen’s toroidal axis for the transverse-field strength
H, changing from 0 to 1000 A/m.

material demonstrates the coincidence of the results
with an accuracy of no worse than 10%, thus indicat-
ing the sufficient accuracy of measuring the transverse
(biasing) field strength.

Figure 5 shows an evolution of the dependence
B,(H,) of the toroidal field in the core during magne-
tization with an external orthogonal field. Because the
toroidal-circuit power supply has a quite low internal
impedance, the amplitude of the toroidal-field induc-
tion changes slightly during the magnetization. The
corresponding change in the strength amplitude is
related to a change in the equivalent permeability of
the specimen material, which leads to both a reduction
of the inductive resistance of the toroidal-field wind-
ing and an increase in the current in this winding.

To determine the equivalent magnetic permeability
along the toroidal axis, the points were used that cor-
responded to the maximum values of the toroidal-field
induction magnitude. Curve / in Fig. 6 corresponds to
the values of u, that were determined from the ratio of
the induction to the field strength along the biasing-
field direction. Curve 2 in Fig. 6 demonstrates the
change in B,/H, as a function of H, and coincides at
H, = 0 with the p, value, which is determined by the
dependence w(H,) (curve 3 in Fig. 6). The latter was
obtained in the test experiment on magnetizing the
core along the toroidal axis by a capacitor discharge
without application of an orthogonal field. All depen-
dences w(H) were obtained upon application of a mag-
netomotive force from a demagnetized state using a
demagnetization technique with a decaying alternat-
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Fig. 6. Dependences of the relative permeability of the
specimen on the transverse-field strength: (/) along the
transverse axis; (2) along the toroidal axis; and (3)
obtained in a test experiment.

ing current of a discharging capacitor, which is close to
the standard technique [9]. As was mentioned above,
curves / and 3 in Fig. 6 correspond to a permeability
change as a function of the value of the field compo-
nent applied along the u measurement direction.
These curves virtually coincide for the transverse and
toroidal axes; this can be interpreted as the absence of
a material-permeability orthotropy. However, com-
paring these curves to curve 2 shows that the depen-
dences of the ferrite permeability on the magnetic-
field strength are substantially different for the cases
where the permeability is measured along and across
the magnetizing field. Analogous data were obtained
when measuring the permeability p, using a frequency
of 30 kHz, thus indicating that the frequency does not
influence the measurement results.

The obtained results testify to the fact that attaining
identical values of u in the longitudinal and transverse
(with respect to the measurement axis) magnetization
modes requires substantially different field strengths.
Thus, the orthogonal-magnetization strength must be
30—50% higher than the longitudinal strength. This
difference is considerable and far exceeds the limits of
the possible measurement error. Processing the curves
that are presented in [7] yields similar results.

In the recorded signals of the field-strength probe
(curve I in Fig. 7) that are proportional to the time
derivative of the magnetic flux along the probe axis, a
component with a substantial amplitude at frequen-
cies that are multiple of the toroidal-field frequency is
present. This component is absent in the signal before
the magnetizing field was applied and abruptly
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Fig. 7. Time dependences of the (/) transverse-magnetic-
field strength in the ferromagnet, (2) relative amplitude of
the first harmonic component of the toroidal-field fre-
quency for a signal from the field-strength probe, and (3)
voltage of the toroidal-field winding.

increases with an increase in A. In the final form of
the strength signal H, obtained after the integration,
this component has virtually no effect on the final
curve. However, its nature may be of interest for
understanding details of the processes in the investi-
gated circuit.

Figure 7 (curve 2) shows the time dependence of
the relative amplitude, which is selected via filtering of
the harmonic component of the signal from the field-
strength probe at a frequency of 50 kHz (specified by
the external oscillator). The amplitude value is nor-
malized to the voltage amplitude at the terminals of
the toroidal-field measuring circuit (curve 3). Its com-
parison to curve /, which represents the time-depen-
dent strength A, shows that the abrupt increase in sig-
nal component (2) correlates with the transition of the
specimen material to the saturated state.

Under the condition of this experiment, a change
in the magnetic resistance of the specimen upon a
change in the magnetic state (unsaturated—saturated
and back) under the action of the toroidal field leads to
a change in the strength distribution in the biasing cir-
cuit, which is observed in the signal from the field-
strength probe. The numerical-simulation results cor-
respond to the experimentally observed processes.
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