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1
NONCONTACT ANHYSTERIC CURVE
PLOTTER AND STATIC FIELD TO
TIME-VARYING HYSTERESISGRAPH WITH
INTEGRATED TEMPERATURE CHAMBER

CROSS REFERENCE TO RELATED
APPLICATION

This application claims priority to U.S. Provisional Patent
Application No. 61/121,307 by the same inventors, entitled
“NONCONTACT ANHYSTERIC CURVE PLOTTER AND
STATIC FIELD TO TIME-VARYING HYSTERESIS-
GRAPH WITH INTEGRATED TEMPERATURE CHAM-
BER?” filed Dec. 10, 2008.

STATEMENT OF GOVERNMENT INTEREST

This invention was made with Government support under
Grant No. W911NF-04-2-0014 awarded by the United States
Army Research, Development, and Engineering Command.
The Government has certain rights in the invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to the measurement of real trans-
formers and inductors, and provides a method of modeling a
magnetic component.

2. Description of the Prior Art

M, (H) is a single-valued function that represents the
defect-free, or ideal, magnetization curve of a magnetic core
and therefore it contains no hysteresis. A point onthe M, (H)
curve represents an anhysteretic state that is reached by
demagnetizing the magnetic core sample under a constant
magnitude of magnetic field. Each value of constant H yields
asingle value of B onthe B-H plane once the demagnetization
process is complete, where B and H are the magnitude of the
magnetic flux density and the magnetic field, respectively.
The material’s magnetization may then be found from

M(H) = —B(H) -
Ho

Equati 1
H quation (1)

where, M(H) is the magnitude of the magnetization, and 11, is
the permeability of free space.

The anhysteretic magnetization curve finds one of its pri-
mary applications in the mathematical modeling of magnetic
cores where the [-V terminal characteristics of a magnetic
circuit component are predicted from a model of the M-H
relationship. Many spice-based simulators implement a form
of the Jiles-Atherton model where the present value of M is
predicted as an offset from M_,,(H). Multiple models exist for
M,,,,(H) as it has been shown that the magnetic anisotropy and
texture of a material are solely modeled by a modification of
the M,,,(H) equation. If a proper model of M, (H) is not
applied in the modeling process, significant errors occur in
the prediction of the M-H relationship.

A proper model of the M-H relationship of a magnetic core
requires an accurate model of M,,,(H). However, temperature
based models of M ,,(H,T) are needed to accurately model the
temperature behavior of a magnetic core. Even in the isotro-
pic model of M, (H), the Boltzmann statistics do not accu-
rately model the curve’s temperature behavior.

The major difficulty in the measurement of M, (H,T)
arises from measuring the resulting anhysteretic state, or

15

25

30

40

45

55

65

2

rather where on the M-H plane forms a point after the demag-
netization process. This difficulty arises as a fundamental
result of Faraday’s Law. No voltage is induced by the core as
it rests in the anhysteretic state, or rather no voltage is induced
as the magnitude of M does not vary with time. As a result, the
voltage induced as the core is at rest in its anhysteretic state is
Zero.

Ideally, the core must be set in its proper state and followed
by a measurement of that state. Measurement of B should
proceed after the demagnetization process is complete to
ensure that B has come to its final value and to avoid reading
any induction caused by the demagnetizing waveform. There-
fore, magnetic sensors would be ideal to measure an anhys-
teretic state of a commercial core because magnetic sensors
can measure static B fields. For magnetic cores, this requires
the core to be cut, and the sensor to be inserted into the gap of
the core. It is well known that such an alteration to the core
changes the M-H relationship. Therefore, the introduction of
a gap or modification of the core geometry would invalidate
the measurement of the resulting B of the original core.

The known problems of commercial magnetic sensors,
such as limited temperature range, temperature dependent
output, and constant offset nulling, also further complicate
the utilization of a magnetic sensor in the measurement pro-
cess.

Inthe prior art, the method to measure an anhysteretic state
began with soft magnetic samples being subject to vibration
as a method of demagnetization. The material is placed
experimentally into an anhysteretic state by applying a slowly
decreasing alternating waveform with an applied bias. The
point-by-point (ballistic) method can be performed to mea-
sure quasi-static curves and the anhysteretic curve. However,
the basic problem of resolving a point on the anhysteretic
curve by measuring an induced voltage still remains
extremely difficult because a component of the flux which can
change at a constant rate will not induce a voltage as a result
of Faraday’s Law. In practice, the point-by-point method for
measuring quasi-static magnetization curves often produces
different measurement results than the preferred continuous
recording methodology often employed in most modern com-
mercial systems. Another method to measure M_,,(H) is that
the measurement of an anhysteretic state can be performed by
measuring the change in the magnitude of B up to its satura-
tion limit, where saturation is therefore used as a reference
point to identify the magnitude of B. Caution must be exer-
cised in using saturation as a reference due to the known
difference in technical and true saturation. The magnitude of
B continually rises during saturation due to the difference
between technical and true saturation. This can make the
application of saturation as a reference point somewhat arbi-
trary. One must assume that the initial point of reference as to
where B begins is zero, or rather that the core has been ideally
demagnetized. Given the existence of anhysteretic rema-
nence, this is highly unlikely.

In all of these methods, the details of how the static com-
ponents of the B field are resolved are not given, and they are
believed to be neglected. A constant rising or falling B with
respect to time will not induce a voltage as a result of Fara-
day’s Law. A B waveform that is maintained at a constant
offset from zero will also not induce a voltage.

As discussed above, modern power conversion systems use
components that exhibit very nonlinear behavior as a result of
their magnetic field (B-H) characteristics.

Apparatuses of the prior art cannot measure the full B-H
loop for a magnetic core under applied bias conditions. The
various apparatuses also cannot measure static non-time
varying B-fields, which are required to be measured when
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measuring the anhysteretic magnetization curve. This is a
result of the fundamental measurement method relied on by
these apparatuses.

There are two categories of equipment presently used. The
first category uses a winding of wire around a magnetic core
to measure the core’s flux, and the second category uses a
sensor. To use a sensor, a magnetic core must be cut and a
sensor must be inserted inside the gap of the core. This
changes the B-H properties of the core. The benefit of using a
sensor is that it can sense a static or non-time varying B-field.
Before this equipment was invented, a simple winding of wire
around the core could not be used to measure a static or
non-time varying B-field. This is the only presently known
type of equipment that can measure the B-H relationship
under applied bias as well as the true anhysteretic magneti-
zation of a magnetic core, while avoiding cutting the core.

Further, the design of complex power conversion systems
has been hampered by a lack of the ability to properly predict
the terminal characteristics of magnetic components.

There is no method currently available to directly measure
the complex magnetic core properties accurately enough to
permit accurate device and system design.

SUMMARY OF THE INVENTION

The present invention applies a regular winding to measure
the component of B that is responsible for the induced volt-
age. Such data was found to be ideal for modeling M_,(H,T)
and, therefore, the M-H behavior of magnetic cores as func-
tion of temperature.

The method of the present invention provides a complete
approach to resolving both the linear rising or falling compo-
nent of B as well as the offset component of the B waveform,
where it must be noted that both of these components do not
produce an induced voltage.

The present invention measures the two most fundamental
relationships (curves) of these components, and allows the
user to collect data that can be used to model a component and
measure some basic properties of the magnetic material. The
resulting models of the magnetic components aid in the
design of power converters. The invention provides for an
increase in the efficiency of power converters, an increase in
the power density of power converters, and a lower overall
system cost, and it also allows for future designs not yet
realized.

The present invention may be used in the modeling of
magnetic cores in circuit simulation software. The measure-
ment capability of the present invention greatly enhances the
accuracy of such software. Measurements made using the
present invention can be used by the software to predict the
B-H relationship. The present invention may also be used in
the design of power converters or magnetic components, or
software simulators for power converters.

The present invention could be very helpful to those
designing power conversion systems.

The methodology employed in this system allows for the
measurement of the true B-H relationship using a wire wound
around the core. The equipment is also able to measure non-
time varying, static B-fields.

BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the invention, reference
should be made to the following detailed description, taken in
connection with the accompanying drawings, in which:
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FIG. 1 is a block diagram of the characterization system of
an embodiment of the present invention illustrating the major
components;

FIG. 2 is a test cell diagram illustrating the integrated
heating elements and current sources connected to the toroi-
dal core under test;

FIG. 3 is a simplified circuit diagram of the two current
sources used to generate [, ,cand I,

FIG. 4 is a simplified flowchart showing the general auto-
mated procedure to measure the anhysteretic magnetization
curve;

FIG. 5 is a graph showing the total H created by 1 ,+15;,;

FIG. 6 is a graph showing the induced, secondary voltage
generated by the reading-waveform;

FIG. 7 is a graph of a B-field waveform resulting from
direct integration of the induced voltage;

FIG. 8 is a graph of a B-field waveform resulting from
resolution of the first non-induced component;

FIG.9 is a graph of a B-field waveform resulting from B,
being properly identified after the demagnetization process;

FIG. 10 is plot of a family of anhysteretic magnetization
curves measured as a function of core temperature using a
Magnetics Inc.’s F-type ferrite core #0F-40401-TC;

FIG. 11 is a plot of the power delivered to the core; and

FIG. 12 is a graph of a M-H loop being traced out starting
from the anhysteretic state.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

In the following detailed description of the preferred
embodiments, reference is made to the accompanying draw-
ings, which form a part hereof, and within which are shown
by way of illustration specific embodiments by which the
invention may be practiced. It is to be understood that other
embodiments may be utilized and structural changes may be
made without departing from the scope of the invention.

The Jiles- Atherton model is used by simulation tools such
as Orcad PSpice® to model the nonlinear 1-V behavior of
magnetic cores. This is accomplished by predicting the mag-
netization, M(H), as an offset of the ideal magnetization,
M,,(H), which is also referred to as the anhysteretic magne-
tization. Previous work has shown that significant error in the
predicted B-H relationship will occur with an improper
model for M,,,,(H) as the magnetocrystalline anisotropy and
texture of the material is solely modeled by the anhysteretic
magnetization curve. M, (H) also represents the thermody-
namic equilibrium of a magnetic core and a proper account-
ing of the temperature dependence of M, (H,T) is necessary
to model the core’s B-H relationship as a function of tem-
perature.

The present invention includes a methodology imple-
mented in an automated measurement system for plotting
M,,(H,T) of an arbitrary magnetic core. The method avoids
altering the physical structure of the core by using a winding
to measure the total magnetic flux. A point on the curve is then
resolved after demagnetization by the application of a unique
H waveform to read the total flux including the non-induced
components. The M-H relationship remains unaltered, and
the collected data is ideal for modeling the anhysteretic mag-
netization of a commercial magnetic core as a function of
temperature.

In an embodiment of the present invention, the system, as
shown in FIG. 1, comprises seven major components that are
integrated together using National Instrument’s LabVIEW™
programming language. The system utilizes a continuous
recording technique like that of a hysteresis graph. However,
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unlike modern hysteresis graphs such as the Walker AMH-
401, the system is capable of resolving both the induced and
non-induced components of B due to multiple reference
points being introduced by the applied field.

All of the system components, except the temperature-
controlled test cell, precision magnetic-deflection amplifiers,
and automated control program, are commercially available
products that may be substituted. The arbitrary function gen-
erator and personal computer (PC) generate the AC and DC
signals required in order to apply the magnetic fields. Sample
temperature is maintained by a pair of embedded heating
elements inside the test cell, and a thermocouple reader
enables a PC-based control algorithm. Response and stimulus
waveforms are captured by a digital oscilloscope and trans-
ferred to the PC for subsequent numerical analysis.

The custom test cell, shown in FIG. 2, is constructed of a
closed copper cylinder that is uniformly heated along its
perimeter and base by a rubber and metal foil heater. The
copper cylinder behaves as a cylindrical heatsink that
encloses the sample. Ceramic insulation surrounds the cylin-
der to permit the system to achieve thermal equilibrium. The
core-under-test is suspended inside the cell by its windings
and a T-type thermocouple is inserted via a feed-through
approximately 2 mm above the core to monitor the ambient
temperature inside the cell. After a temperature ramp, both
the mean and median values of the temperatures are mea-
sured. Both comparisons must be within 0.001% of the mea-
sured target temperature for forty minutes before the control
program allows a measurement to proceed. Temperature data
is saved and plotted for each data point.

The current sources that excite the coils to produce the
magnetic fields are implemented by a pair of high-speed,
high-slew rate operational-amplifiers. One current source,
15745, maintains a DC current through one winding in order to
establish the constant H-field. Another current source, I,
provides the AC excitation through a second winding. The I~
current source is used to demagnetize the core and excite the
core after the demagnetization process is complete to mea-
sure B,.. The current sources for this system were designed
using the Apex Microtechnology PA0O9 Video Power Opera-
tional Amplifier. Both current sources provide an extremely
high output resistance, so that an induced voltage will not
alter the regulation of the bias current. FIG. 3 shows the
simplified schematic of the current sources.

The selection of the number of turns required will deter-
mine a number of factors. The inductance of the core-under-
test will change, and this must be compensated for in the
design of the magnetic-deflection amplifiers. Not only will
the inductance of the core change as a function of the excita-
tion frequency, but also as a function of temperature. The
magnetic-deflection amplifiers must be able to provide exci-
tation to the core through a range of inductance values as the
core is heated. Finally, the magnitude and frequency of the
demagnetization waveform must, as a minimum, meet IEEE
and ANSI standards.

Systems that use voltage excitation in producing magnetic
fields must exercise caution in ensuring that the currents are
properly applied and regulated. While it seems logical to use
a programmable power supply or potentiometer to adjust the
bias current from a regulated voltage source, during AC exci-
tation the bias winding will have an induced voltage present.
Ifthe regulation of the bias current is changed, the magnetized
state of the core changes. The measurement would then be
invalid. Extreme care should be exercised when attempting to
properly regulate the bias current with a voltage supply.

In contrast to the aforementioned difficulties in measuring
the anhysteretic magnetization curve, the present method
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6

excites the core after the demagnetization process with a
continuous waveform that establishes several reference
points in the resulting B waveform. These reference points
allow for the resolution of the static components of the B field
as well as a reference to zero B. The general procedure to set
an anhysteretic state is outlined below, followed by details of
how that state is identified from the induced voltage. A gen-
eral flowchart describing the measurement process is show in
FIG. 4.

After instrument initialization, the measurement process
begins with setting of the sample’s temperature. Once the
sample’s temperature is stabilized, H, . is applied via the
winding connected to the I, , ; current source. The demagne-
tization process is then initiated. The system generates a
continuous decaying sinusoidal current to demagnetize the
core. Discrete steps created from the digitization of the
demagnetizing waveform are filtered by a large ceramic
capacitor at the input of the AC current source. This capacitor
is enabled only during the demagnetization process by a
photo-voltaic relay.

For the data presented here, the core is demagnetized two
times with five hundred cycles until the demagnetizing wave-
form decays to zero. The magnitude of the demagnetizing
waveform begins at 889 A/m and decays by 2% for each cycle
at a 50 Hz rate. Demagnetization occurs before every mea-
surement to place the core in the same state. Once the core is
demagnetized for a given value of H,,, it is in a proper state
to be measured. The core is then excited with a total H field
(H,+Hp ) that traces out a B-H loop with the negative and
positive magnitudes of H being equal. The purpose of apply-
ing equal magnitudes in the positive and negative directions
to H is to cause B to saturate equally in both directions such
that 14B_,,=I-B, . In this way, the measured saturation val-
ues of the B waveform can be used as reference points
because they are equal.

Herein, the applied H waveform is referred to as the read-
ing-waveform. Its purpose is to establish points of reference
from which the static components of B can be properly iden-
tified, and the value of zero B can be properly identified. This
also overcomes the challenge of using a single saturation
point as a reference, which again can become arbitrary due to
the difference in true and technical saturation. In order to
accomplish a correct reference value I 5, +1 ,~must cause the
total applied H field to have equal magnitudes in the positive
and negative directions while still maintaining a constant,
average value of H,, as shown in FIG. 5.

The reading-waveform causes a voltage, V(t), to be
induced that will identify B, after ithas been processed. The
induced voltage is measured from the third winding and cap-
tured by a Tektronix TDS 2014 Digital Storage Oscilloscope.
Each channel on the oscilloscope is programmed to capture
either a positive or negative portion of either the voltage or
current waveform, and each channel has been programmed to
automatically readjust its scale after an initial measurement.
The measured voltage is shown in FIG. 6.

Once V(1) is measured, it is passed to the digital integrator
that is implemented in the Labview control program. Before
integration, the mean value of the induced voltage is numeri-
cally calculated and subtracted from the entire voltage as no
mean value can be induced. The time-varying flux density is
found by numerical integration according to Faraday’s Law.
The result of this integration is shown in FIG. 7.

From FIG. 7, the two static B field components must be
indirectly calculated based upon the reference points of the
reading-waveform. These reference points are the maximum
and minimum of the time-varying B field waveform which
can be properly identified as positive and negative saturation
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as evidenced by the fact that they are saturated. The total B
field waveform will be composed of three parts. The first
component is the nonlinear, time-varying component that was
found by direct integration of the voltage according to Fara-
day’s Law as shown in FIG. 7. The second component is the
constant rising or falling component of the B field with
respect to time, and it is not induced. The third static compo-
nent is a constant offset of B from the zero B axis. Each of
these component magnitudes are resolved separately.

To calculate the first component of the static flux density,
the component of B that occurs due to a linear rise or fall with
respect to time must be identified. Numerically, a constant
rate of change in B with respect to time would be represented
by a constant voltage in the induced voltage waveform and no
such voltage can be induced. The component of B that is
changing at a constant rate will then appear to be numerically
subtracted from the measured B field waveform that was
found by direct numerical integration. In doing so, the total
flux density experiences a linear rise with respect to time, as
shown in FIG. 7. For a typical unbiased B-H loop measure-
ment, this linear rise in B with respect to time is not observed
as there is no constant change in B with respect to time.
However, the constant change component can be identified
iteratively from the measured B waveform by adding the DC
voltage, DC;, 1, inside the voltage integral.

When DC,,,,is added to the voltage integral, the positive
and negative saturation limits will all have the same magni-
tude. This DC,,; can be calculated by performing a least
squares fit on the peaks and valleys of the B field waveform.
The value of DC,,,can be incremented until the value of the
slopes of the lines across the peaks and valleys becomes zero.
Once the slopes of the lines across the B field peaks and
valleys are zero, the iteration of DC,,, can halt. The magni-
tudes of saturation are all equal at this point as expected for a
symmetrical H field excitation. The first component of the
static B field has been resolved. The constant change in B
from the initial to final value of B can now be observed.

Now that that the constant change component of the B field
has been identified, the adjusted B field waveform can be used
to properly identify the anhysteretic state. It can be said with
certainty that the value of zero B is at the midpoint between
equal saturation limits. This is a result of applying a magnetic
field with equal positive and negative magnitudes, which in
turn causes the magnitude of B to be equal in both the positive
and negative directions. Each midpoint between the peaks
and valleys of B can be identified as zero, so that a number of
reference points to zero B can be made. If the reading wave-
form did not apply a magnetic field with equal magnitude in
the positive and negative direction, the value of zero B could
not be identified with certainty.

This midpoint is calculated, and the measurement of the
total B waveform is completed by shifting the entire wave-
form so that the midpoint corresponds to zero B. This con-
stant offset component was not induced, and it is the second
non-induced component of the field. With all components of
the B waveform resolved, the initial value of the waveform is
identified as B, as a result of the core being placed in the
anhysteretic state. The total B waveform is shown in FIG. 9,
where it can be observed that saturation now occurs at the
same magnitude of B in both the positive and negative direc-
tions. Clearly, if the reading-waveform does not have equal
magnitude in the positive and negative direction, then identi-
fication of the DC components of the waveform is not pos-
sible. The reading-waveform provides points of reference in
the B waveform for which the static components of the field
can be calculated as well as the value of zero B. This is done
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by applying a magnetic field due to 1,+1z;,s with the same
magnitude. This enables the reading of B, after resolving
the two DC offsets.

Once H,,~ and B, are found, the value of M, can be
determined using Equation (1). Thus, a single point on the
anhysteretic magnetization curve is now known. Once a
single point is measured, the measurement may be repeated
and averaged to increase accuracy. Signal averaging can also
be performed to increase accuracy along with using multiple
peaks and valleys. Before each point is measured, the core
undergoes the same demagnetization process with the same
value of H,, . In this way, the core is placed in the same state.
The process then repeats for every point on the plot. The
temperature is then incremented and the family of curves for
the anhysteretic magnetization is plotted as shown in FIG. 10.

While a strong argument can be made that symmetrical
excitation of H provides for equal magnitudes of B in the
positive and negative direction and that the static components
of the field can be resolved by properly identifying the satu-
ration points in the B waveform, some numerical or math-
ematical proof should be demonstrated to ensure that the
steps and methodology applied are correct.

Such a proof can be accomplished with an examination of
the power delivered by both current sources and the power
measured from the total B-H loop. It is well known that the
total power delivered to the magnetic system is proportional
to the overall hysteresis loop, and that the power must be
conserved. The energy supplied by the external sources and
imparted to the field is given by the well known equation

Bp o dB Equation (2)
E= vf HAB = f HO ar
o o dr

whereV is the volume of the core. Resistive losses that would
subtract from the overall power being delivered to the mag-
netic system have been made negligible in the data presented
here by using only two windings for each current source. The
total power measured from the magnetic system is then given

by

dB Equation (3)
P(r) = AleH(f)E

where A is the area of the core and 1, is the magnetic path
length. A comparison between the power imparted by the
current sources and the power measured from the B and H
fields shows negligible differences, as demonstrated in FIG.
11. FIG. 12 shows that the final M-H loop with the magneti-
zation curve being traced from the anhysteretic state along
with increased area in the first quadrant. This confirms that the
total loop area of the M-H loop does become larger under an
applied H bias. The measured narrowing of the loop with
increased applied bias power would be the result of not mea-
suring the static components of the field. Therefore, the
results presented here appear to be in complete agreement
with theory.

Itwill be seen that the advantages set forth above, and those
made apparent from the foregoing description, are efficiently
attained and since certain changes may be made in the above
construction without departing from the scope of the inven-
tion, it is intended that all matters contained in the foregoing
description or shown in the accompanying drawings shall be
interpreted as illustrative and not in a limiting sense. It is also
to be understood that the following claims are intended to
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cover all of the generic and specific features of the invention
herein described, and all statements of the scope of the inven-
tion which, as a matter of language, might be said to fall
therebetween. Now that the invention has been described,

What is claimed is:

1. An automated, non-destructive anhysteretic magnetiza-
tion characterization method for studying and modeling soft
magnetic materials, comprising the steps of:

loading a sample into a system chamber;

initializing equipment and measurement variables;

setting a temperature of said sample;

setting a magnetic state of said sample to enable a point on

an anhysteretic magnetization curve to be measured;
measuring a resulting anhysteretic state of said sample;

incrementing the value of a static field, H,, to measure a

subsequent point on said anhysteretic magnetization
curve; and

incrementing said temperature once the entire anhysteretic

magnetization curve is measured.

2. The method of claim 1, further comprising the steps of:

applying a static (non-time varying) field, Hy, to said

sample; and

applying a demagnetizing waveform, H,,,,;, to said

sample while maintaining said static field, H,,, to set
and hold said anhysteretic state of said sample to enable
a point on an anhysteretic magnetization curve to be
measured.
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3. The method of claim 1, further comprising the steps of:

measuring said resulting anhysteretic state of said sample
by applying a reading waveform; and

processing said measured reading waveform to extract a
point on the anhysteretic magnetization curve.

4. The method of claim 3, further comprising the steps of:

applying a sum of H, .+H, - to said sample with said H
portion causing the magnitude of H to be driven equally
in the positive and negative direction; and

said reading waveform transverses H in equal but opposite
magnitudes measuring several references to zero B field.

5. The method of claim 3, further comprising the step of:

processing said measured waveform to extract a point on
the anhysteretic magnetization curve by performing
iterative integration with a constant until the magnitudes
of the peaks and valleys of a measured B-waveform are
aligned.

6. The method of claim 5, further comprising the steps of:

plotting said aligned B-waveform with said sum of H -+
Hp to from a hysteresis plot comprising of static and
non-time-varying fields; and

identifying said anhysteretic state components as com-
posed of said Hj,. and initial state of said aligned B
waveform.
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