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ABSTRACT

Accurate core-loss characterization is essential to push the power density of power converters to their limits. However, existing core-loss
measurement methods still have some limitations, such as a slow test speed and a complex probe calibration procedure. In particular, accurate
phase-difference measurement is time-consuming because a fast Fourier transform analysis with a kHz-range frequency interval is typically
applied to reduce the influence of noise. An automated measurement system for magnetic core-loss characterization is described in this paper.
An accurate phase-detection block with programmable attenuators is developed to measure the phase difference between voltage and current
waveforms. The proposed system considerably improves the test speed while providing comparable accuracy to the existing method.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0074290

The implementation of high-frequency and high-power-
density switching converters is hindered by losses in magnetic
components, in particular magnetic cores. Several attempts have
been made to establish a repeatable and accurate core-loss method
under different excitations. However, none of these methods has
been recognized as a reference method, and one of the main error
sources is the phase error introduced by time delays of probes and
oscilloscopes. The error due to phase discrepancy has been clearly
presented in Ref. 2, which can be formulated as

Peyror = tan(60) - AO
=Q-A¢, (1)

where 6 represents the phase difference between the voltage and cur-
rent waveforms and A6 is the phase shift discrepancy between the
voltage and current sensors. Q is the quality factor of the ferrite core
under test (CUT). A measurement error of 100% can result from a
phase error of only 0.5°.

In previous studies, a high-end oscilloscope has typically been
required to accurately characterize the phase difference.’” How-
ever, these methods still suffer from the unideal characteristics of
real-time oscilloscopes, e.g., port-matching and RF front-to-end
error.” In addition, the large analog bandwidth of an oscilloscope
introduces additional noise that makes phase measurement in the
time domain even more challenging. Post-analysis based on the

fast Fourier transform (FFT) is conventionally used to circumvent
integrating the noise over the entire analog bandwidth but can be
computationally expensive. The test speed is also a concern when a
large quantity of data is expected.

In this study, an improved core-loss measurement method is
implemented based on the traditional dual-winding approach. A
simple and efficient, yet accurate, phase-detection block is deployed
to bypass the FFT process. The test speed is 40 times higher than
that of the conventional approach, demonstrating the suitability of
the proposed method for massive testing. In addition, the addi-
tional phase error due to probes is eliminated by using the three-coil
air-core phase shift test kit demonstrated in Ref. 5.

Figure 1 shows a block diagram of the measurement system
under a sinusoidal wave excitation. A power amplifier (IFI 5500,
10 kHz-500 MHz) is used. A toroidal core under test (CUT) car-
ries two windings with equally distributed M turns, and the current
I, is injected into the primary winding. The magnetic induced
voltage V; is, then, measured across the secondary side to pre-
vent a voltage drop due to leakage inductance and resistance. The
core loss Pcore can be calculated by measuring the time-domain
waveforms of V, and Vi;” in particular, the FFT is conventionally
applied,

N
Pcore = Z Vonhin COS((/)n); (2)

n=1
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FIG. 1. The system diagram of the proposed automated measurement system.

where N is the number of harmonics and V,n and Iy are the
amplitudes of the n-th harmonics of V; and I, respectively. cos(¢,, )
represents the phase difference between the n-th harmonic voltage
and current components.

In the proposed system, the amplitudes of both signals are mea-
sured by using an oscilloscope (Agilent MSO8104A), and the phase
is measured using a phase detector that transforms the phase dif-
ference into a DC output. The circuit is designed and implemented
based on the datasheet, realizing a low-frequency limit down to
1 MHz. A multimeter (Agilent 33401A) with 6.5-digit resolution is
used to measure the output voltage.

Note that the accuracy of the test system is mainly deter-
mined by using the phase-detection block. The AD8302 comprises
a matched part of demodulating log amplifiers, each of which has
a 60-dB measurement range. A multiplier-type phase detector is
also integrated into the chip and driven by the outputs of the
log amplifiers. The chip enables accurate phase measurement, inde-
pendent of the signal level over a wide range. However, the phase
detector has a limited input signal range (-73 to —13 dBV). Thus,
a pair of programmable attenuators (HP33321H, up to 70 dB) are
employed in the system to prevent saturation of the pre-amps. The
amplitudes of the input signals can be controlled between —30 and
—20 dBV without significantly sacrificing the signal-to-noise ratio
and preventing saturation of the phase detector. In addition, two
splitters (minicircuits, ZFSCJ-2-2) are used to prevent impedance
mismatch between probes and instruments.

To demonstrate the phase-measurement accuracy of the test
system, a signal generator is used to mimic the voltage and current
signals measured in the full system, and the output sinusoidal waves
are configured at 5 MHz and 0.4 V ;_t, as shown in Fig. 2. The devi-
ation in the phase between the two signals is swept from 75° to 95°
with a step of 0.1°. The error introduced by the step attenuator is also
tested for 0, 10, and 20 dB of attenuation. Note that the sensitivity of
the phase detector is set at 11 mV/deg.

As illustrated in Fig. 3, the measured phase differences
closely follow the set values over the entire test range and under
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FIG. 2. Characterization setup for the phase detector and programmable
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FIG. 3. Comparison between the input and measured phase deviation.

different attenuations. The plotted zoomed-in results show the addi-
tional phase shift introduced by the attenuator. This additional
phase error is limited to 0.1° for 20 dB of attenuation. This error
is typically negligible for most applications, and the phase shift can
be calibrated out using a three-coil test kit, as will be described
later.

Another experiment is performed using the histogram tech-
nique to test the noise in phase measurement, and the result is shown
in Fig. 4. 100 measurements are performed when the phase differ-
ences between the two channels are set at 89°, 89.1°, and 89.2°.
The result indicates that the variation in the phase shift is con-
trolled to within 0.15° if we assume that the signal generator is ideal.
Higher phase resolution can be achieved by averaging the results
from multiple measurements.

Although the phase deviation between the two input channels
can be accurately measured, the imbalance in phase shifts due to
cables, probes, and power splitters still needs to be compensated
for. A three-coil test kit is developed based on Ref. 5 to calibrate
the additional phase error, and the configuration is shown in Fig. 5.
The complete system contains three loosely coupled air-core coils,
and the mutual impedance, which is defined as the ratio between the

Rev. Sci. Instrum. 93, 024701 (2022); doi: 10.1063/5.0074290
Published under an exclusive license by AIP Publishing

93, 024701-2


https://scitation.org/journal/rsi

Review of
Scientific Instruments

OHistogram of measured phase difference

892 °
B 891 °
30 u 89°
20
10
0

89 89.1 89.2 89.3

Measured phase difference (°)

FIG. 4. Histogram of the measured phase difference. The phase differences
between the input signals are swept from 89°, 89.1°, and 89.2°. The resolution of
the multimeter is set to 51 and the integration time is specified as 10 PLC.
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FIG. 5. Equivalent circuit of the three-coil system. Ly, Ly, and L3 correspond to
the self-inductance of the primary, secondary, and loading coils, respectively. My,,
Mj3, and My, represent the mutual inductances, and R, is the load resistance. All
three coils are fabricated by winding single-strand AWG 24 copper wires around a
plastic pipe with a diameter of 6 cm.

open-circuit output voltage V of coil No. 2 and the input current I;
of coil No. 1, can be used in the probe calibration.

The air-core coils are implemented with linear components,
where the mutual impedance Zy is independent of the excitation
level. Therefore, the phase of the mutual impedance Zys can be char-
acterized by an instrument designed for small-signal measurement,
e.g., a vector network analyzer (VNA) or a gain/phase analyzer. In
addition, the mutual impedance is configurable by applying dif-
ferent loads to coil No. 3. The mutual impedance is derived as
follows:’

Vz (M12L3 — M3 M3 —]lezRL)
Iy = — (3)
Il Ry +]wL3

where V, is the open-circuit voltage of the secondary coil and
I is the input current of the primary coil. Note that the mutual
impedance can be directly measured by using a VNA and the phase
difference ®,,,;, between probes can be obtained by comparing the
phases of Z); measured by using the VNA and the proposed system.
In the calibration process, C denotes the phase of Zy; measured by
using the VNA, which serves as the reference. The phase measured

ARTICLE scitation.orgljournal/rsi

by using the proposed system is denoted as M. A superscript (n) is
introduced into each label to denote the loading resistance of coil
No. 3, i.e., Rr. ®prop, Ccan, then, be calculated as

O prape = _ c(0kQ) _ 5 (10 k0) (4)
The test case presented in this article is calibrated using a 10-kQ
load. Figure 6 compares the phases of Zy measured by using dif-
ferent instruments after phase calibration. The measured phases are
well-matched, which validates the proposed system. In addition, the
phase error between the two methods is limited to 0.15° in the

Mutual 1mpedance of three-coil test-kit
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FIG. 6. Comparison of mutual impedance measured by using the VNA and scope
under different loading resistances.
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FIG. 7. Comparison between the losses measured using the conventional
oscilloscope-based method and proposed method.
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frequency range of 2-10 MHz. The error introduced by phase mea-
surement is limited to 15% for a core with a quality factor under 60.”
In addition to the phase error due to probes, the amplitude response
of probes and power splitters should be compensated for and can
also be characterized by using a VNA.

Finally, the loss of a magnetic core (Fair-rite 61, T36/23/13-
61) is measured by using the proposed system and compared with
that obtained using the method in Ref. 5. The CUT sample carries
nine turns of uniformly distributed windings of AWG 24 cop-
per wires. The results are shown in Fig. 7. The difference between
the core losses measured by using the conventional oscilloscope-
based method and the proposed method is limited to 8%. Note
that the proposed method has a considerably higher test speed than
the conventional oscilloscope-based method. For instance, the total
measurement time for a single data point is ~40 s using the FFT-
based method, including data transfer (with Agilent MSO8104A,
100 M/Sa, 500-k record length) and FFT calculation. The measure-
ment time can be reduced to ~1 s using the proposed system, which
is, therefore, suitable for applications involving massive test data.
However, the proposed method is not valid in the presence of strong
distortion. In addition, the resonance method is suggested for cores
with ultrahigh Q.

This study is based on research that was supported, in part, by
the National Science Foundation under Grant No. ITP-1916535.
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