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HIGH FREQUENCY LOSS MEASUREMENT
APPARATUS AND METHODS FOR
INDUCTORS AND TRANSFORMERS

sen such that a phase difference between a measured voltage
across the resonant circuit and a measured current in series
with the resonant circuit is less than 80°, and integrating the
measured voltage and the measured current.
In accordance with another aspect ofthe invention, a circuit
is provided for measuring losses in an inductor or transformer
having a core comprising a sensing winding wound on the
core and having one terminal of the sensing winding connected to a terminal of the inductor, a current sensor to measure current through a winding ofthe inductor or transformer,
and a reactive component connected between the terminals of
the sensing winding and the inductor or transformer and
having a reactance value to resonate with the inductor or
transformer such that a phase difference of a voltage across
the sensing winding and the current through the inductor or
transformer is less than 80°.

FIELD OF THE INVENTION
The present invention generally relates to power electronics applications such as power supplies and regulators and,
more particularly, to accurate measurement of losses in
inductors and transformers used therein for optimization of
their design.

10

BACKGROUND OF THE INVENTION
Virtually all currently available devices that includes any
electronic circuits include a power supply circuit to ensure
that appropriate power is delivered thereto for the electronic
circuits to properly perform their intended functions. Since a
power supply circuit does not otherwise contribute to the
function of the electronics, its efﬁciency is of paramount
importance since it directly detracts from the overall efﬁciency of the device. Thus, many sophisticated designs for
power supplies, converters and regulators (hereinafter sometimes collectively referenced by the term power circuits) have
been developed and have achieved relatively high efﬁciency
which is difﬁcult to increase through circuit design and/or
operation.
For this reason, losses attributable to inductors and transformers which are generally included in such power circuits
are important concerns. The power circuit cannot be optimally efﬁcient without proper magnetic cores for such passive elements while accurate measurement of inductor and
transformer losses is necessary for proper inductor and transformer core design. Further, requirements for so-called pointof-load power circuits where size and power density are particularly critical have favored the use of high frequency
switching which complicates loss measurement, as will be
discussed in greater detail below.
Unfortunately, no satisfactory technique for measurement
of core losses in inductors and/or transformers is currently
known. The techniques currently in use for this purpose,
while providing reasonably useful results, present difﬁculties
and sources of error such as compensation for winding losses
which are difﬁcult to estimate or extreme sensitivity to measurement discrepancy in regard to parameters which are subject to errors that may be engendered in whole or in part by the
instrumentation required for the measurement, as will be
discussed in greater detail below. Prior to the present invention, no technique has been known which is satisfactory for
making measurements of core losses sufﬁcient to support
development of optimal core designs for inductors and transformers of power circuits designed for particular applications.
SUMMARY OF THE INVENTION
It is therefore an object of the present invention to provide
an apparatus and methodologies for measurement of magnetic core losses in inductors and transformers operating at
high frequencies.
In order to accomplish these and other objects ofthe invention, a method of measuring losses in an inductor or transformer is provided comprising steps of resonating a winding
of the inductor or transformer with a reactive component in a
series resonant circuit with the winding to cancel a portion of
a reactive voltage of a magnetizing inductance ofthe inductor
or transformer, a value of the reactive component being cho-
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The foregoing and other objects, aspects and advantages
will be better understood from the following detailed description of a preferred embodiment of the invention with reference to the drawings, in which:
FIG. 1 is a schematic diagram of a known method of
measuring losses in a passive device,
FIG. 2 is a schematic diagram of a known circuit for measuring losses in an inductor or transformer,
FIGS. 3A and 3B are a schematic diagram of another
known method and circuit for measuring losses in and inductor or transformer, respectively,
FIG. 4 is a graph of loss measurement error induced by 1°
phase error at different phase angles between v2 and vR in the
circuit of FIG. 3B,
FIGS. 5A and 5B are a schematic diagram and equivalent
circuit, respectively, for core loss measurement in accordance
with the invention,
FIG. 6 is a graph illustrating working waveforms in the
circuit of FIG. 4A,
FIG. 7 illustrates a graphical comparison of measurements
using the methodology of the present invention and known
methodologies with datasheet information for a commercially available core material,
FIG. 8 is a graphical comparison of equivalent series resistance of a resonant capacitor with RUM, as a function of ﬂux
density,
FIG. 9A is a schematic diagram of a circuit useful for
understanding effects of parasitic capacitance,
FIG. 9B is a graph of measurement error caused by parasitic capacitance of a sensing winding as a function of ﬂux
density,
FIG. 10 is a schematic diagram of an embodiment of the
invention including an improvement over the circuit and
method of FIG. 4A,
FIG. 11A is a schematic diagram illustrating inclusion of
DC ﬂux bias in the circuit and methodology of FIG. 4A,
FIG. 11B is a schematic diagram of a circuit for a second
embodiment ofthe invention usable with arbitrary inductor or
transformer excitation,
FIGS. 12A and 12B are schematic diagrams of equivalent
circuits ofthe embodiment of FIG. 11B for an inductor and an
air core transformer, respectively,
FIG. 13 is a schematic diagram of a complete circuit for the
embodiment of FIG. 11B,
FIGS. 14A and 14B are graphical depictions of measurement waveforms and variation of core loss density with ﬂux
density.

US 8,823,370 B2

3

4

FIGS. 15A and 15B are graphical depictions of measurement waveforms and variation of core loss density with ﬂux
density for different excitation waveforms,
FIG. 16 is a schematic diagram of the core loss measurement circuit of FIG. 13 including DC ﬂux bias,
FIGS. 17 and 18 are simpliﬁed depictions of an adjustable
parallel plate capacitor and an adjustable transformer, respectively,
FIG. 19 is a schematic diagram of a an exemplary inductor
loss test circuit in accordance with the invention, and
FIG. 20 is a schematic diagram of a an exemplary inductor
loss test circuit including DC ﬂux bias in accordance with the
invention

sensing winding. The current in the excitation winding and
the resulting voltage on the sensing winding are measured
with an oscilloscope. Integrating the voltage and current
waveforms will provide the loss consumed by the core under
test. In principle, this method does not present signiﬁcant
drawbacks and, in addition to requiring only a relatively
straightforward computation, this technique excludes winding losses; a principal advantage in comparison with the
techniques discussed above.
However, in practice, this technique is highly sensitive to
phase discrepancies between the measured voltage and current waveforms. Unfortunately, phase discrepancies suﬂicient to cause signiﬁcant measurement inaccuracy may easily
arise from the measurement instrumentation, itself, as well as
from slight inaccuracy in observation of the measured waveforms.
To understand this observed high sensitivity to phase discrepancy, consider the equivalent circuit of FIG. 3B. This
method uses the integration between the sensing winding
voltage, v2, and the current sensor voltage vR to obtain the
core loss. Because the impedance ofthe magnetizing inductor
Lm is usually very much larger than the equivalent core loss
resistor, Rcore, the phase difference between v2 and vR is very
close to 90°. Assuming a sinusoidal excitation, the sensitivity
to phase discrepancy is given by:

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT OF THE INVENTION
Referring now to the drawings and more particularly to
FIGS. 1-3, several known measurement methods for obtaining core loss information are illustrated and will be discussed
in turn. It is to be understood that, while FIGS. 1-3 do not
illustrate the invention and are directed to known measurement methods, the illustrations of FIGS. 1-3 are also arranged
to facilitate conveyance of an understanding of the problems
addressed and overcome by the invention as well as allowing
a more complete appreciation ofthe meritorious effects ofthe
invention. Therefore, no portion of any of FIGS. 1-3 is admitted to be prior art in regard to the present invention.
One universally applicable and frequency-independent but
relatively crude and indirect known approach to loss measurement is through a thermal approach in which the basic
method is to put the device under test (DUT) in a thermally
isolated chamber through which a ﬂuid is circulated and to
measure the temperature difference ofthe ﬂuid at the inlet and
outlet of the thermally isolated chamber and the ﬂow rate of
the ﬂuid. The test arrangement is schematically illustrated in
FIG. 1. The heat generated by the DUT can then be calculated
from the temperature difference, ﬂow rate and speciﬁc heat of
the ﬂuid. However, since this methodology develops a measurement of total heat generated, it is very difﬁcult to isolate
or exclude resistive winding losses of the inductor or transformer when the core losses are principally of interest. The
process is also time-consuming since thermal equilibrium or
at least stable, steady-state conditions must be achieved
within the thermally isolated chamber.
Another loss measurement technique which is applicable
to high frequency inductor or transformer excitation,
although also indirect, is to connect a capacitor in series with
the inductor core under test, as illustrated in FIG. 2. The
capacitor is then ﬁnely tuned to resonate with the inductor at
the test frequency. Because, at resonance, the voltages on the
inductor and the capacitor completely cancel each other, the
resistance in the RLC network can be easily measured. After
compensating for parasitic resistance (similar to the compensation for winding resistance mentioned above) and resonant
capacitor equivalent series resistance (ESR), the core loss can
be eventually calculated.
This method is not sensitive to phase discrepancy because
phase angle is not used in the loss calculation. However
winding losses cannot be estimated very accurately and are
therefore diﬂicult to compensate. Further, the resonant
capacitor value is critical in order to resonate at a given
frequency and the technique is applicable only to sinusoidal
waveform excitation.
A generally preferable known approach which is potentially accurate and far faster is illustrated in FIGS. 3A and 3B.
The DUT carries two windings: an excitation winding and a
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where (pm is the angle between the two terms (voltage and
current) for integration. Thus when the voltage and current
have a phase difference near 90°, a small phase discrepancy
M) will be greatly ampliﬁed by tan(¢v_l) and it can be readily
appreciated that a small phase discrepancy can lead to a
signiﬁcant loss error after the integration. For low frequency
measurement, the parasitic effect in the test circuit is small
and the phase discrepancy is suﬂiciently small to avoid signiﬁcant measurement error. However, as frequency increases,
small electrical effects such as the parasitic effects of a nonideal current sensing resistor, mismatch between measurement probes and oscilloscope sampling rate limitation may
become signiﬁcant. Phase discrepancy generally derives
principally from the parasitic inductance and capacitance of
the current sensing resistor and mismatch between measurement probes and the sampling resolution of the oscilloscope.
For example, a 292 current sensing resistor having lnH parasitic inductance will produce a 09° phase discrepancy at 5
MHZ. Similarly, for a 5 GS/s digital oscilloscope, the minimum sampling period is 200 picoseconds which is 036° at 5
MHZ. FIG. 4 graphically illustrates the loss error induced by
a l° phase discrepancy (less than the sum of the two exemplary phase discrepancies noted in the previous two sentences) at different phase angles between v2 and vR. It can be
readily seen that the loss error approaches 100% as the phase
shift approaches 90° and that the percentage error in measured loss varies by nearly four orders ofmagnitude from near
0° to near 90° phase difference between voltage and current.
Since these phase discrepancies are inevitable, this classic
technique is not a suitable method by which to accurately test
for magnetic losses at high frequencies.
Referring now to FIGS. 5A and 5B, the measurement
method and apparatus in accordance with the invention will
now be discussed. As with the classic method discussed
above, the method in accordance with the invention also uses
a core having an excitation winding and a sensing winding.
However, one terminal ofthe sensing winding is connected to
the same polarity terminal of the excitation winding and that
node is also connected to a resonant capacitor C,. This node
connecting the resonant capacitor and the excitation and sens-
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ing windings provides an additional voltage, v3, to be monitored in addition to v2 and vR. In such a circuit conﬁguration,
v3 is virtually the sum of the sensing winding voltage and the
resonant capacitor voltage.
The purpose ofadding the resonant capacitor C, is to cancel
the voltage on the magnetizing inductor Lm. If C, and Lm are
resonant at the input frequency, their voltages are the same in
magnitude but 180° out of phase. As a result, v3 equals the
voltage on the equivalent core loss resistor Rcore, and it is in
phase with the current through excitation winding iR (also in
phase with current sensor voltage vR). Integration of v3*vR
will produce the loss consumed on R60”, because Lm and C, do
not consume real power. As v3 and vR are in phase, the integration of their product is not sensitive to phase discrepancy.
Although C, is used to cancel the voltage on the inductor, it
is not necessary to completely cancel that voltage. FIG. 4
shows that when the phase angle is 30° the power error is only
1%, which is small enough to facilitate improvement in
inductor design. (From FIG. 4, even a phase difference of 80°
would limit loss measurement error for a 10° phase discrepancy to under 10% which may be adequate to support inductor design improvement.) That means the value of the resonant capacitor C, could be in a relatively wide range, and does
not have to resonate with Lm at the input frequency. It only
needs to keep the phase angle between v3 and vR far from 90°.
The phase angle between vR and v3 is described in equation

tive turns ratio to be 1 :1, regardless ofthe leakage inductance.
In addition, a 1 :1 turns ratio allows a biﬁlar winding to be used
which will reduce the parasitic capacitances of the transformer. For the current sensing resistor, to reduce the phase
discrepancy caused by its equivalent series inductance (ESL),
multiple resistors can be connected in parallel. However, too
many resistors in parallel will cause additional leading parasitic inductance, so only a few current sensing resistors in
parallel are preferred. For the probes used in the test circuit,
they should be the same model so that their time delays are
identical. To further check that the probes match well, They
can be used to test a square wave simultaneously and check if
their rising edges are very close to each other on the oscilloscope. In addition, v3 and vR’s probes should be exchanged
during test. If two groups of data are in adequate agreement,
it can be assumed that their time delay difference will not
yield signiﬁcant error. For the resonant capacitor, a high quality factor capacitor is preferred. The loss on the resonant
capacitor is included in the calculated loss. Therefore high Q
capacitors like mica or porcelain capacitors are preferred.
During the test, the magnetizing inductance tends to change
due to environment change, such as temperature, DC ﬂux, etc.
Therefore the resonant capacitor should be tuned to keep the
phase angle between v3 and vR far away from 90°.
To verify the efﬁcacy and accuracy of the above-described
method, the core loss density of the commercial magnetic
material 4F1 (NiZn Ferrite) from Ferroxcube has been tested
and compared with its datasheet value. The test arrangement
used a toroidal core of 4F1 material with an outer diameter of
21 mm, and inner diameter of 20 mm and a thickness of 3 mm
sample wound as a transformer and the excitation winding
driven by a commercially available power ampliﬁer (Ampliﬁer Research 25C250A) which was, in turn, driven by a 10
MHZ sine wave from a commercially available function generator. The core under test was immersed in thermal oil heated
by a hot plate and its temperature controlled by a thermal
coupler to be 100° C. The waveforms monitored by oscilloscope are shown in FIG. 6.
From FIG. 6, it is seen that v2 leads vR by 4.2° which is far
away from 90° and integration of those waveforms will thus
have much reduced phase discrepancy induced error. When
the results of integration and power loss density is determined, the measured power loss density is in extremely good
agreement with the data sheet information for the commercially available core being tested as graphically shown in FIG.
7 and in far better agreement with datasheet information
(which is believed to have been determined by the thermal
method alluded to above) than the conventional measurement
method discussed above.
To summarize, the sources of error in the above measurement method in accordance with the invention are phase
discrepancy, error caused by the equivalent series resistance
(ESR) of the resonant capacitor and error due to the parasitic
capacitance of the sensing winding of the transformer. As
stated above, the phase error is greatly reduced to below 5%
if the phase angle is properly adjusted. From FIG. 2, it is seen
that if phase discrepancy is below 1°, a 30° phase angle
between v3 and vR is enough to guarantee that the error in
measured loss is less than 1%. The measured power loss can
be converted into the equivalent core loss resistance Rco re
shown in FIG. 5B. From FIG. 8, it can be seen that Rcore is
around 19, and varies with ﬂux density, from 0.892 to 1.69.
(The value of REM? is converted from the measured power
loss, since the power loss and current are already known. The
capacitor ESR is a measured value. Comparison between
these two resistor values is straightforward to estimate the
error.) To obtain the data illustrated in FIG. 8, two 68 pF mica
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where N2 is the sensing winding turns number, T is the period
of the sinusoidal waveform and Rrefis the current sensing
resistance. If the core under test is a thin toroid core, it can be
assumed the ﬂux density that ﬂows in the core is almost
uniform. Dividing the core loss by the equivalent volume V8,
the core loss density at the speciﬁc ﬂux density can be
obtained. Thus the core loss density is
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It should be noted is that v3 can not be obtained by measuring v2 and vc separately and then summing them. Because
the value of v3 is much smaller than v2 and vc, a small error
percentage of v2 or v, will produce signiﬁcant error in v3. So
the cancelled voltage v3 should be measured by a single
probe. For the turns ratio, it could be a different value other
than 1:1. However, it is preferred to choose 1:1 symmetric
windings, because this will automatically guarantee the effec-
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capacitors (which have very low ESR) were connected in
parallel to resonate with the magnetizing inductor. The total
measured ESR using this arrangement is about 50 m9. This
value can then be compared with the measured RUM, in FIG.
8. Therefore, the error in measured loss due to the ESR of the
resonant capacitor is between 3.3% and 6.8%, which is
adequately small even though much larger than the loss measurement error due to phase discrepancy. However, ifthe ESR
of the resonant capacitor can be accurately measured or
approximated by substitution of resonant capacitors of different constructions, this contribution to total loss error measurement can be compensated.
In regard to the error contribution attributable to parasitic
capacitance of the sensor winding, because the probe’s
impedance is not inﬁnite and the transformer has winding
parasitic capacitance, there will be a small current ﬂowing
through the sensing winding. Usually the probe’s input
capacitance is larger than transformer winding capacitance.
The equivalent circuit including the parasitic capacitor is
shown in FIG. 9A. Although v3 and vR probes also have
parasitic capacitance, their loading effect is much smaller
than the v2 probe. Because the magnitude ofv3 and vR is much
smaller than v2, the currents ﬂowing through the input capacitances of the probes are much smaller than that of the v2
probe. Therefore, analyzing the loading effect ofthe v2 probe,
it can be assumed that the other two probes are open-circuited.
In FIG. 9A, CP is the total parasitic capacitor in parallel,
including the probe’ s input capacitance and the winding parasitic capacitance. Because ofthis capacitance, the assumption
that secondary winding is open fails at sufﬁciently high frequency. As a result, a small current ﬂows through CP. This
current will induce a voltage drop on the sensing winding’s
leakage inductor L12 and winding resistor R2. Therefore v2
will have a discrepancy with the voltage on Lm and Rcore,
which is vm. When frequency is high, this discrepancy cannot
be ignored. Furthermore, current measured by current sensor
iR is not equal to the current ﬂow through magnetizing inductor im.
To quantify the error caused by the parasitic capacitor, it is
assumed that

For the above 4Fl core measurement example, the following parameters can be estimated: CPzIO pF, Lm:2 uH,
R2:0.2, u):2a'c><10 MHz. With the value of REM, in FIG. 8, the
error percentage for different ﬂux density can be calculated.
Details ofthis calculation are not important to an understanding or the successful practice of the invention. The result of
the calculation is graphically illustrated in FIG. 9B.
Because ofthe (1)2 term in equation (8), the loss error due to
parasitic capacitance of the sensing winding will increase
rapidly with frequency. To reduce this error, sensing winding
resistor R2 should be small, the ratio of Lm to RUM, should be
small (e.g. the magnetizing inductor quality factor is low as is
usually determined by material), and parasitic capacitance CP
should be small. Therefore the parasitic capacitance of the
transformer should be well controlled, and a low input capacitance probe is preferred. Also, to reduce the loading effect of
the probe, an alternative embodiment of the invention is
shown in FIG. 10.
The circuit of FIG. 10 measures the voltage on the resonant
capacitor v2 rather than measuring the voltage on the sensing
winding. By making this alternative measurement, the current
through the sensing winding is much reduced and Cprobe is
merged into the resonant capacitor C,. Voltage on the sensing
winding can be calculated by simply subtracting v2 from v3.
Core loss varies with DC ﬂux bias. Even though DC ﬂux
doesn’t generate loss directly, it will determine the working
point ofthe ﬂux swing. It is therefore necessary to investigate
the AC loss under certain DC ﬂux bias. In the circuit of FIG.
5A and the alternative measurement method described above
(FIG. 10), DC ﬂux bias can be conveniently added by adding
a third winding and injecting DC current through it. There are
two preferred arrangements for doing so. The circuit of FIG.
11A uses one core material sample and adds the DC current
through a third winding. The arrangement of FIG. 11B uses
two core material samples and the DC windings of the two
samples are opposite in polarity. RF chokes are used to attenuate high frequency current induced in the DC winding. The
purpose of the preferred arrangement of FIG. 11B is to minimize the AC voltage seen by the RF choke inductors and DC
current source so that the AC current through the DC winding
is minimized.
The principle of operation of the circuits discussed above
in connection with FIGS. 5A, 10, 11A and 11B borrows the
concept of resonance using C, as the resonant capacitor, to
cancel the reactive voltage on the magnetizing inductor so
that the phase difference between v3 and vR may be set close
to 0° (rather than near 90°) and the integration oftheir product
will be far less sensitive to phase discrepancy. Although this
method reduces the phase sensitivity of the measurement
error, it is limited to sinusoidal excitation because the capacitor voltage can only cancel the inductor voltage at a single
frequency. To cancel the reactive voltage on the magnetizing
inductor for the entire frequency range, the capacitor is
replaced with an inductor and the polarity of the transformer
is changed, as shown in the alternative embodiment of the
invention schematically represented in FIG. 12A. In this
embodiment, v3 is the total voltage of the inductor voltage vL
and —vm. That is,

Rcore<< wLm
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The derivation of this approximation equation is unimportant
to an understanding of the invention or its practice, particularly since simulation proves that this approximation equation can adequately estimate the error caused by CP, if the
assumptions in equations (5), (6) and (7) are true.
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If L:Lm, v3 will be the voltage on the equivalent core loss
resistor and in phase with the vR. Integration ofthe product of
v3 and vR will be the loss on Rcore, and even less sensitive to
phase discrepancy. However, the winding loss on the added
inductor will affect the accuracy of the measured result. To
avoid introducing an additional source of measurement error,
the circuit of FIG. 12B is preferred. The circuit of FIG. 12B
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uses the secondary side voltage of an air core transformer to
cancel the reactive voltage on the magnetizing inductor.
Because the air core does not exhibit core loss, its magnetizing inductor can be used to be an effectively ideal inductor for
inductor L in FIG. 12A.
The complete circuit of the preferred embodiment of the
invention is shown in FIG. 13. Other than the core-under-test/
DUT and the air core transformer, another transformer is used
as an impedance transformer to reduce the voltage drop on the
internal impedance of the power ampliﬁer alluded to above
for driving the core-under-test/DUT. Using this circuit, The
core loss can be calculated as

mary loop current. This technique is also applicable to the
embodiments of the invention discussed above.
When changing the working condition of the core-undertest, the permeability will change. As a result, the resonant
capacitor C, in sinusoidal excitation embodiments or the
transformer L in arbitrary waveform excitation embodiments
should be tuned in order to properly cancel the reactive voltage on the magnetizing inductance of the core-under-test.
Tuning the capacitor or transformer is difﬁcult if discrete
components are used since substitution of ﬁxed capacitors or
transformers must be repeatedly mounted and demounted in
the test circuit. Therefore, it is preferred for the capacitor
value or the transformer’s magnetizing inductance value to be
made variable and conveniently controlled (or at least easily
trimmed with a series of discrete capacitors or inductors.
FIGS. 17 and 18 illustrate two examples for controlling the
value of a capacitor or magnetizing inductance of a transformer, respectively although numerous other structures for
providing variable capacitance or inductance are known and
are suitable for the practice of the invention. Speciﬁcally,
FIG. 17 shows the structure of the tunable parallel plate
capacitor. By mechanically adjusting the distance between
the parallel plates, the capacitor value can be ﬁnely tuned.
FIG. 18 shows an exemplary structure for a tunable transformer using two core pieces, each wound with a winding. By
mechanically adjusting the air gap between the two pieces,
the inductance value of the transformer can be conveniently
tuned. With these tunable components, the core loss can be
conveniently measured under different conditions.
In the interest of completeness, it should be kept in mind
that core loss is one part ofthe inductor loss. In many practical
applications, designers want to know the total loss (or equivalent resistance) of the inductor or transformer under practical
waveform conditions, like rectangular voltage waveform and
DC current bias. However, at high frequency or where high
frequency components are present in the excitation waveform, the conventional method still face the same problems as
described above. To avoid those problems, the method and
apparatus of the invention as discussed above can be slightly
modiﬁed to satisfy measurement of total inductor loss with
good accuracy. An embodiment ofthe invention for measurement of total inductor losses is shown in FIG. 19. Since core
loss need not be isolated in this case, the transformer of the
core-under-test in FIG. 13 is replaced by an inductor wound
on the core-under-test. Thus the measured loss is the total loss
consumed on the inductor, including winding loss and core
loss. Similarly, replacing the transformer in FIG. 16 with an
inductor wound on the core-under-test as shown in FIG. 20,
the circuit can test the inductor loss with DC bias. Of course,
winding losses can also be isolated by additionally measuring
core losses as discussed above and subtracting measured core
losses from measured total inductor losses; either or both of
such measurements being performed in accordance with the
invention as described above.
In view ofthe foregoing, it is clearly seen that the invention
provides for sufﬁciently accurate measurement ofcore losses,
winding losses and/or total inductor or transformer losses,
even under different operating conditions sufﬁcient to cause
signiﬁcant change in core permeability, to support advances
in inductor or transformer core design. Errors in measurement
at high excitation frequencies or high frequency components
of excitation waveforms are minimized or avoided and the
magnitude of such measurement error, with or without DC
ﬂux bias, can be quantitatively evaluated.
While the invention has been described in terms of a several embodiment that may be preferred for different applications and measurement and excitation conditions, those
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where T is the excitation period and Rrefis the current sensing
resistance.
The principle of operation of the preferred measurement
circuit is that most reactive power in the core-under-test is
cancelled by the reactive power in the air core, leaving only
resistive power consumed by the core-under-test. Ifthe power
is more fully resistive, it will be much easier to be measured.
From anotherperspective, the circuit ofFIG. 12B or 13 can be
interpreted as comparing the core-under-test with the reference core, which is air core which does not exhibit core
losses. The difference in the electrical characteristics of the
air core transformer and the core-under-test is then the core
loss of the core-under-test.
In some situations, the air core may not be a good choice for
the reference core, due to its larger parasitics. Nevertheless,
when the inductance value of the core-under-test is high, a
large air core transformer is needed and will introduce nonnegligible parasitic capacitances. In such a case, a core of
(known) low loss could be used as the reference core, and its
size and parasitic capacitance can be much smaller than an air
core transformer. If its loss is much smaller than the coreunder-test, the error can be tolerable and/or suitable compensation made.
Two experiments have been performed to demonstrate the
concept of this embodiment of the invention. The ﬁrst uses
NiZn ferrite toroid core (4Fl from Ferroxcube) as the core
under test. The excitation signal is generated by AFG3102
function generator (from Tektronix, and ampliﬁed by
25A250A power ampliﬁer (from Ampliﬁer Research. An air
core is used as the reference core, and an air core transformer
is used to cancel the voltage on the magnetizing inductor of
the core-under-test. The voltage on the core-under-test is a 1
MHz or 2 MHz square wave. The measurement waveform
and core loss density is shown in FIGS. 14A and 14B. The
second experiment is a test of sintered low-temperature coﬁred ceramic (LTCC) ferrite material (4001 1 from ESL ElectroScience). The reference core material is 4Fl, and its core
loss is controlled much smaller than the loss in LTCC core.
The test waveforms and core loss density for sinusoidal and
triangular waveforms is shown in FIG. 15.
To measure the core loss under DC ﬂux bias, it is convenient to add the third winding to inject DC current as
described above in regard to FIGS. 11A and 11B. Another
method to add DC ﬂux is shown in FIG. 16 which directly
adds a DC voltage source in the primary winding loop. Thus
there will be a DC current ﬂow through the primary winding
and the core will then be working under a DC ﬂux bias
condition corresponding to the DC component of thee pri-
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skilled in the art will recognize that the invention can be
practiced with modiﬁcation within the spirit and scope of the
appended claims.
Having thus described my invention, what we claim as new
and desire to secure by Letters Patent is as follows:
1. A method of measuring losses in an inductor or transformer, said method comprising steps of
resonating a winding of said inductor or transformer with a
reactive component in a series resonant circuit with said
winding to cancel a portion of a reactive voltage of a
magnetizing inductance of said inductor or transformer,
a value of said reactive component being chosen such
that a phase difference between a measured voltage
across said resonant circuit and a measured current in
series with said resonant circuit is less than 80°, and
integrating said measured voltage and said measured cur-

a reactive component connected to terminals of said sensing winding and said inductor or transformer and having
a reactance value to resonate with said inductor or transformer such that a portion of a reactive voltage on said
inductor or transformer is canceled and a phase difference of a voltage across said sensing winding and said
current through said inductor or transformer is less than
80°.
11. The circuit as recited in claim 10, wherein
said sensing winding is wound on said core and has one
terminal of said sensing winding connected to a terminal
of said inductor or transformer.
12. The circuit as recited in claim 10, wherein said phase
difference is less than 30°.
13. The circuit as recited in claim 10, wherein said reactive
component is a capacitor.
14. The circuit as recited in claim 10, wherein said reactive
component is a variable capacitor.
15. The circuit as recited in claim 10, wherein said reactive
component is an inductor.
16. The circuit as recited in claim 10, wherein said reactive
component is an air core transformer.
17. The circuit as recited in claim 10, further including
a further winding on said core, and
a DC current source in series with said further winding.
18. The circuit as recited in claim 17, wherein said inductor
or transformer winding, said sensing winding and said further
winding are formed on two cores and respectively connected
in series with said further windings being coupled with opposite polarity to portions of said inductor or transformer on
respective cores.
19. The circuit as recited in claim 10, wherein said inductor
and said sensing winding are formed by a biﬁlar winding on
said core.
20. The circuit as recited in claim 10, further comprising
a radio frequency excitation source, and
an impedance transformer.
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2. The method recited in claim 1, wherein said phase difference is less than 30°.
3. The method as recited in claim 1, wherein said reactive
component is a capacitor.
4. The method as recited in claim 3, wherein said capacitor
comprises a plurality of discrete capacitors.
5. The method as recited in claim 3, wherein said capacitor
is a variable capacitor.
6. The method as recited in claim 1, wherein said reactive
component is an inductor.
7. The method as recited in claim 6, wherein said inductor
comprises a variable inductor or tunable transformer.
8. The method as recited in claim 1, wherein said reactive
component is an air core transformer.
9. The method as recited in claim 1, including a further step
of
applying a DC ﬂux bias to said inductor.
10. A circuit for measuring core losses in an inductor or
transformer having a core, said circuit comprising,
a current sensor including a sensing winding to measure
current through a winding of said inductor or transformer, and
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