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ABSTRACT  Evaluating the high-frequency winding loss accurately is crucial for the design of modern
high-frequency power converters. This paper proposes a novel experimental method to accurately measure
the in-situ inductor winding loss, which separates out the winding loss from the core loss through the reactive
voltage cancellation concept. The proposed in-situ measurement can account for the complete winding loss
including impacts from non-ideal field distributions by testing the inductor with the core attached, e.g., the
winding edge effect, bypass flux, fringing flux, and the non-linear dynamic behaviour of the core, which
cannot be well modelled with the existing analytical or simulation methods. This method has immunity
against the probe phase discrepancy error, since it is designed to measure a pair of voltage and current that
are in phase. This approach can be considered as the first attempt of applying the reactive voltage cancellation
concept in measuring winding loss, while this concept was originally brought up for core loss and applied for
core loss measurement only. By performing a Triple Pulse Test (TPT) procedure, the winding losses under
practical large signals with dc-bias and rectangular voltage can be evaluated with the proposed testing circuit.
The proposed approach is compared and verified against the conventional methods relying on (1) small-signal
impedance measurements and FFT analysis (2) in-situ measurement with the two winding method to exclude
the core loss. The presented method provides a foundation for the accurate in-situ evaluation of winding loss

covering all the large-signal and non-linear effects.

INDEX TERMS Winding loss, copper loss, AC resistance, phase shift error, phase discrepancy.

1. INTRODUCTION

Along with the advances of high-switching-frequency power
converters, the winding loss of the magnetic components
makes considerable impacts on the converter efficiency and
temperature rise. Given passive components normally account
for around 30%—-50% of the total volume/weight of a typical
power electronics system, how to accurately model/evaluate
the high-frequency loss of magnetic components is critical for
the precise design of the system. While the modelling of core
loss has drawn numerous research efforts recently [1]-[4],
the winding loss is commonly modelled by long-established

analytical AC resistance models and Fourier analysis, e.g.,
[5]1-[8] or finite-element (FE) simulations [9]-[12]. However,
these approaches are typically limited by over-simplifying
(e.g., 1-D and 2-D simulations or analytical models with
assumptions for simplicity), which are briefly discussed as
follows.

In general, the winding loss is analyzed with Fourier
series as

o0
Pwinding = Roc-Ipc® + Y _ I Racn (1

n=1
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where Rpc and Ipc are the DC resistance and DC current;
Racn and I, are the AC resistance and AC RMS current har-
monics in each frequency. Rpc can be relatively easy to re-
trieve, such as measured by high precision milliohm meter or
calculated from analytical equations [5], owing to its constant
value at different operation conditions. However, R4c;, is the
main challenge to find under various conditions. In general,
Rucy can be found analytically (e.g., through the Dowell or
Ferreira equations [6-7]) or through FE simulations.

However, the analytical and simulation methods are limited
by requiring accurate geometrical information of the wind-
ings considering the shape and the configuration (e.g., poros-
ity factor, end winding, multilayers) [8], which is especially
challenging for random-wound inductors and in-situ measure-
ments. Therefore, analytical methods are normally applied
for cases with only simple core shapes and simple winding
arrangements. On top of that, the increasing high-frequency
operation of magnetic components with wide-bandgap (SiC,
GaN) converters will intensify the high-frequency effects such
as skin, proximity, and fringing fields effect, which are very
challenging to analytically model or simulate accurately [10].
Furthermore, the actual current / in equation (1) cannot be
well predicted by the analytical models or simulations because
of the non-linear permeability of the magnetic core in dy-
namic and dc-biased cases, which cannot be fully reflected by
physical-based models [13]. Under the high-frequency rect-
angular excitation voltage, the inductance of the magnetic
components is not constant and the current is not strictly
triangular, which instead will show a curvy shape [3], [13].
However, the inductance and the permeability of the core is
commonly considered constant in analytical models or sim-
plified simulations. Although FE simulations can be built
with increased complexity (e.g., 3-D FE models) to account
for the complex high-frequency electromagnetic effects, they
are less favoured in practice due to the disadvantage of the
computation-heavy, time-consuming process [10]-[11] and
the inevitable need of accurately replicating the geometrical
structure of the components.

Owing to the above limitations of the analytical and sim-
ulation approaches, empirical measurement methods are still
widely applied and preferred to characterize the winding loss
accounting for all these complex effects [10], which can
be categorized as three types: 1) the calorimetric (thermal)
method [10], [14]-[15]; 2) the electrical impedance analyzer
approach [11], [16]-[17]; 3) the direct electrical in-situ mea-
surement [10]. Although the thermal method is relatively re-
liable, it is difficult to set up and requires a time-consuming
procedure to reach the thermal steady state. Additionally, it is
challenging to exclude core loss from the total losses to find
an accurate winding loss [10], [14]-[15]. Hence this paper
will mainly consider the electrical approaches, for which the
following challenges should be carefully addressed.

Firstly, when evaluating the winding loss, the magnetic core
should be kept attached instead of removed. Otherwise, the
effects associated with the electromagnetic fields influenced
by the core will not be evaluated [10]-[11]. Measuring the
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FIGURE 2. The proposed winding loss measurement circuit.

winding loss without the core attached would lose the proxim-
ity effect [16] and the effect of core gap fringing flux [12]. But,
with the core attached, it will bring challenges of separating
the core loss and the winding loss. In short, to accurately
characterize the winding loss, the empirical method should be
performed with the core equipped while it has the ability to
accurately separate the core loss and the winding loss.

Secondly, comparing the impedance analyzer approach
with the in-situ measurement, it is reported in the lit-
erature that the small-signal measurements cannot com-
pletely reflect the property in a large-signal situation for
magnetic components [16]. With the presence of large-
signal amplitudes or dc-bias, the effective core permeabil-
ity will vary from the static value [18]-[19] which will
influence the magnetic field distribution around the wind-
ing and subsequently impact the winding loss as pointed
out in [12], [20]. In short, in-situ large-signal measurement
should be considered more accurate than small-signal ap-
proaches because it reflects the property of the inductor un-
der large-signal or dc-biased excitation that occurs in a real
circuit.

Thirdly, for in-situ electrical measurement, the phase dis-
crepancy error is the biggest challenge, which is the difference
between the true and measured phase shift between the cap-
tured voltage and current signals. On one hand, if the winding
loss is obtained indirectly from subtracting the core loss (e.g.,
measured from the ‘two winding method” measurement which
is shown in Fig. 1 [1- 4]) from the total loss, both the core
loss and total loss are sensitive to the phase discrepancy,
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FIGURE 4. The test rig utilized for measuring the proposed winding loss.

on top of each other. In this case, the presence of phase
discrepancy error is considerable for the low permeability or
gapped cores, which has a high-quality factor (Q) [1], [21]. On
the other hand, if the winding loss is measured directly, the
phase discrepancy problem will directly impact the winding
loss measurement. Hence, the majority of the existing in-situ
methods suffer from phase discrepancy [10]-[11]. The phase
shift discrepancy can cause a substantial error in measuring
the winding loss, especially in cases with higher frequencies
[15], [22].

There is a scarcity of existing work regarding empirical
winding loss measurements under large-signal excitations.
For example, [11], [16], [23] presented a method to obtain the
AC resistance of the magnetic component winding utilizing
impedance analyzers. These methods are bounded to the limi-
tations of impedance analyzers that evaluates the winding loss
under small-signal operation only. Hence, they cannot fully
reflect the winding loss properties in large-signal operations.
[10] proposed a winding loss measurement method to find
the Rac of a planar transformer in a high-frequency SMPS
under large-signal excitation, which separates the core loss
from the winding loss. However, this method is sensitive to
phase discrepancy error.
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Another common method to find the winding loss is finite
element analysis (FEA). However, FEA simulations have sev-
eral limitations in finding accurate winding loss, such as the
requirement of accurate geometric information of the wind-
ing. Therefore, for the inductors with random windings, it
is very difficult to exactly replicate their physical structure,
which means the FEA simulation cannot accurately reproduce
the winding loss in this case. As a result, the complex effects
such as proximity, edge, and end effects are not perfectly
realized. Additionally, in typical FEA software packages such
as Ansys Maxwell [24], the magnetic core permeability is
oversimplified as a fixed value at one frequency and mag-
netic field H, following the magnetic core datasheet that was
measured from sinusoidal excitations. This oversimplification
limits the FEA methods to find the real winding loss consid-
ering the variation of the dynamic core permeability and field
interaction between the core and the winding.

Additionally, there are some commercial measurement de-
vices for measuring power inductors losses under real, large-
signal conditions, which are used in the laboratories, such as
MADMIX [25]. However, they still have some limitations. For
instance, the voltage amplitude of the MADMIX is restricted
to 0-70 V, and the flux excitation is limited to a triangular
shape. Also, these systems are mostly expensive and hard to
afford.

Based on the reasons above, this paper proposes an in-situ
measurement method, which is mainly a testing circuit, to
accurately assess the winding loss under actual waveforms
in power converters. The proposed method is insensitive to
the phase discrepancy error and can account for all non-ideal
high-frequency and large-signal effects. This approach is sim-
ple to tune and implement compared to the other reactive volt-
age cancellation methods [15], [22], [26]-[27]. The winding
loss is measured independently from the core loss, which is
useful to investigate the winding loss on its own. Although ob-
taining the overall magnetic component characteristics (wind-
ing loss + core loss) is the ultimate goal, measuring each part
separately is more helpful to find out which part of the system
needs to be redesigned or improved.

In the following, Section II will describe the proposed
winding loss measurement method and Section III will present
the experimental evaluation, the results analysis and compari-
son with other existing methods. And finally, Section IV will
analyze the proposed method sensitivity regarding the various
practical issues.

Il. PROPOSED IN-SITU WINDING LOSS MEASUREMENT
METHOD

This paper proposes a testing circuit in Fig. 2 to accurately
measure the winding loss, which is inspired by the reactive
voltage cancellation concept [15], [22], [26]-[27] and the two-
winding method for core loss measurement.

To extract the winding loss, a reference transformer (RT) is
utilized, which is ideally identical to the inductor under test
(IUT) in terms of core and winding specifications. The idea
of the proposed approach is to use the RT to cancel out the
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reactive voltage as well as the core loss and solely capture
the winding loss of IUT. The core loss component of RT is
obtained through the secondary voltage on the magnetizing
inductance of the RT as shown in Fig. 2, which is reversed
to cancel out the core loss component in Vpyi. The core loss
of IUT does not need to be measured by using the secondary
winding, which is greyed out in Fig. 2. When IUT is excited,
V3 is the summation of the IUT primary voltage (Vp,;) and the
RT secondary winding voltage (Vs,.2) as

V3 = (Z1 + Rwindingt — Z2) Ipri 2
Zy = (joLy |l Reore1), 2z = (joLyz || Reore2) 3

where Ly; and Ly, are the magnetizing inductances; Rcore;
and Rc,,e2 are the core loss resistances for the IUT and RT,
respectively; Rwinging Tepresents the IUT winding resistance.
As intended, the IUT and RT are entirely identical to each
other (i.e., the same core type and the number of windings).
Hence, Ly;; = Ly and Reorer = Rcore2, Which results in V3
expressed as

Vi = RWindingl Ipyi “4)

In reality, these two conditions cannot be met perfectly.
Hence a sensitivity analysis is added in Section IV. A to
evaluate the potential error when Ly;; # Ly and Reprer #
Rcore2- Equation (4) shows that the secondary voltage of the
RT cancels the reactive voltage as well as the core loss on the
IUT. To obtain V3, an auxiliary winding is fitted to the RT as
shown in Fig. 2. This winding is an open circuit and does not
need to carry current. Consequently, V3 will be considered as
the resistive voltage on the winding. By performing (5), the
winding loss can be attained as

T
EWinding = /0 Ipyi (t) . V3 (1) dt (@)

where T is the period of the frequency. In this case, V3 will be
in phase with the Ip,;, in contrast to the nearly 90° phase angle
between V),; and Ip,;. Subsequently, integrating the product
of V3 and Ip,; through expression (5) will be significantly less
sensitive to the phase shift error [15], [22], [26]-[27]. There-
fore, the proposed method can measure the in-situ winding
loss for any arbitrary excitation without concerning about the
phase discrepancy.

To sum it up, the proposed method is the first and only ex-
perimental approach that separates out the complete winding
loss with the presence of the core and directly measures it (V3
and Ip,; are basically the voltage and current on the resistive
part of the winding). This feature makes it insensitive to phase
discrepancy. Additionally, this method can be considered as
the first attempt of applying the reactive voltage cancellation
concept in measuring winding loss, while this concept was
originally brought up for core loss measurement. For multi-
winding inductors and transformers, the proposed approach
can still be applied in theory and the principle of the approach
will stay the same.
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TABLE | Components and Instruments in the Test Rig

Elektro-Automatik TS 8000 T
Keysight N2862B (150 MHz)
Pico TA041 (25MHz)

Keysight N2783B (100 MHz)
Semikron SKiM301TMLI12E4B
Semikron SKYPER 42 J
MSO-X 3054A (500 MHz, 4 GSa/s)
Cl= C2=2670 uF
92 uH, T184-26,Micrometals©, N1:N2=24:24

Power Supplies
Voltage Probe
Differential Probe
Current Probe
Power Module
Gate Driver
Digital Oscilloscope
DC-Link Capacitance
Tested Inductor

In reality, the IUT and RT have parasitic elements, such
as leakage inductance and winding capacitance. Typically,
these parasitic elements are insignificant [10]-[11], [15], [22],
[26]-[27] and do not undermine the accuracy and immunity
against phase discrepancy of the proposed approach. Detailed
analysis in this regard will be presented in Section IV.

lil. EXPERIMENTAL EVALUATION AND COMPARISON
WITH EXISTING APPROACHES

The proposed method is intended to capture the winding loss
under the in-situ condition. To reflect the actual operation in
a power converter, a typical rectangular voltage and possibly
a dc-bias component needs to be applied to the inductor in
the testing. To emulate the waveforms seen in a typical power
converter, a half-bridge structure [2], [13], [28] depicted in
Fig. 3, is utilized to apply rectangular voltage on the testing
circuit and conduct bidirectional current, which has the ability
to compensate device voltage drops to provide symmetric
rectangular voltages.

A triple pulse test (TPT) procedure [2], [28] is implemented
to excite the IUT and capture the cycle of interest while it
avoids unnecessary continuous operation and the tempera-
ture rise. The core idea of the TPT is to run required cycles
only (e.g., three pulses) to reach the steady-state, and avoid
further useless operations while obtaining the same results
as continuous testing. As a result, TPT does not require the
full continuous operation capability of the converter and the
inductor while it can perform high-power (e.g., hundreds of
volts and amps) in-situ testing.

The components and instruments utilized in the test rig
are shown and listed in Fig. 4 and Table I, respectively. The
proposed method can be adapted in a wide range of cases
with various excitation signals, frequency range and induc-
tance range of the IUT. From the excitation circuit point of
view, the proposed testing circuit (IUT+RT) can be plugged
into any excitation circuit to test the in-situ winding loss.
The setup in this work can generate a square-wave voltage
ranging between =+ 600 V and a dc-bias current ranging from
0 to approximately 200 A. The presented in-situ method can
accurately evaluate the large-signal effect when it captures the
complete winding loss. Regarding the frequency, as limited
by the switching speed of the Silicon IGBTs at the level of
microseconds, the frequency range of the producible square
wave is up to 150 kHz in the presented setup.
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FIGURE 5. Experimental current/voltage waveforms of one TPT test point.

Fig. 5 shows the waveform captured in one test run to
measure the winding loss of the inductor presented in Table I
by the TPT and proposed circuit. The initial wider pulse is to
establish a required dc-bias current (/p), which is 5 A here.
The amplitude of the inductor voltage (Vp,;) is fixed to 25 V
at 10 kHz. Then, the V3 is measured, which is the voltage
difference between the Vp,; and Vg,.» as in (4) and depicted
in Fig. 5 for this test run. Consequently, the winding loss of
the inductor is worked out by equation (5) for the selected cy-
cle, the cycle that the inductor reaches the steady-state where
the waveforms are stabilized and captured for calculating the
loss as demonstrated in Fig. 5.

To validate the proposed method, two common empiri-
cal approaches are considered as the benchmark: (1) the
impedance analyzer + FFT analysis (FFT method) (2) the two
winding method to measure the total loss deducing the core
loss (Indirect method).

For the FFT method, the primary current flowing through
the inductor is decomposed into the AC and DC components
with FFT in MATLAB across the frequency spectrum for the
target cycle. Meanwhile, the AC and DC winding resistances
of the inductor are measured by the impedance analyzer across
the frequency spectrum. The winding loss can be worked
out by expression (1) by summing the winding losses for all
frequency components.

The two winding method is commonly used to measure
magnetic component losses empirically and is regarded as a
universal technique [1]-[4]. Integrating the product of voltage
drop across the IUT secondary open-circuit winding (sensing
winding) and the current flowing through the primary winding
yields the core loss of the inductor as following:

Ni r
Ecore = _f Ipy; (t) - Vsec (t) dt (6)
Ny Jo

where N; and N, are the numbers of the primary and sec-
ondary winding turns, respectively. This method has the
advantage of being easy to set up for both steady-state or tran-
sient measurements and suitable for arbitrary wave excitation.
By substituting the Vg, with Vp,;, the two-winding method
can measure not only the core loss but also the total loss of
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the IUT [22].

T
Ea = / I (1) Vi (1) dt ™
0

In this case, the difference between E7,;,; and Ec,ye can be
used to find the IUT’s winding loss [11].

EWinding = Eroar — Ecore (8

Fig. 6 illustrates a comparison of the winding loss results
of the tested inductor with three methods. The experiment is
performed with three sets of primary voltages, 25, 50, and
75V, and three frequencies at 10, 50, 100 kHz. In general, the
outcome of the proposed method shows a top-level agreement
with the other two methods in different conditions, which
indicates that the proposed method can exclude the core loss
successfully.

In lower frequency, lower dc current, and lower voltage am-
plitude cases, the other two methods (the FFT + impedance
analyzer method and the indirect method) are relatively re-
liable. In this case, three methods show good consistency,
which verifies the accuracy of the proposed approach. For
example, when the conditions are Vp,; = 25V, 10 kHz, and
Ip = 0 A, the differences between the proposed method and
the two other methods are only 1% and 2%, respectively.
In the higher frequency and amplitude cases, the differences
between the three methods are bigger as shown in Fig. 6.
For example, when the conditions are Vp,;=75 V, 100 kHz,
and Ip = 20 A, the differences between the proposed method
and the two other methods are increased to 19% and 12%,
respectively. It is believed that this mismatch is caused by the
limitations of the impedance analyzer approach and the phase
discrepancy error in the indirect method. It is also noticeable
that the proposed method consistently captures more winding
loss than the other two methods in these cases, which is be-
lieved to be more comprehensive for the following reasons.

As mentioned, the impedance analyzer approach is based
on small-signal measurements, which cannot reflect the whole
property of the inductor under large-signal operations (e.g.,
high amplitudes and dc-bias) [16]. For example, the maxi-
mum dc-bias current and voltage that can be generated in the
impedance analyzer Wayne Kerr 6500B is about 100 mApc
and 40 Vpc. Also, for the generated AC voltage and current,
the maximum amplitudes are about 1Ving and 20 mApys,
respectively, which vary with the frequency. Consequently,
this limitation of the impedance analyzer prevents it to capture
the property of the components entirely under the real large
signals. Additionally, [11] points out that impedance analyzers
have poor performance for high Q inductors, with the accu-
racy dropping considerably at higher frequencies. To sum it
up, the impedance analyzer has limitations in capturing the
winding loss (R4c) in the case with high amplitudes/dc-bias,
high frequency as well as high-Q inductors. In contrast, these
properties are entirely reflected in the proposed in-situ method
with the results shown in Fig. 6.
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FIGURE 6. Experimental results of the winding loss for the inductor by the proposed method, impedance analyzer + FFT analysis (FFT), and two winding
method (Indirect), with the various combination of primary voltage (Vp,;) and dc-biased current (/o) for (a) 10 kHz, (b) 50 kHz, and (c) 100 kHz.

Additionally, the real part of the magnetic component’s
impedance, Ry, obtained from the impedance analyzer in-
cludes both the winding loss, Rw, and the core loss, Rc,
components. However, the retrieved R¢ is insignificant for the
cases where the magnetic component has a low-loss core or
the operating frequency is lower than hundreds of kilohertz
[16]. Hence it can be considered that Rw &~ Ry in the results
of Fig. 6, because a low-loss powdered core is used with the
insignificant core loss in the small-signal testing, which leads
to little contribution to Ry; considering the operating frequen-
cies is below 100 kHz. Therefore, the resistance extracted by
the impedance analyser can be considered as reflecting only
the winding loss in the illustrated cases. When the core loss
becomes significant (e.g., at a high frequency), the measured
Ry should be considered as Rw + Rc.

Secondly, regarding the indirect method, according to pre-
vious studies such as [1], [10], [21], the phase discrepancy fur-
ther deteriorates at higher frequencies and excitation voltages.
Therefore, this is the main reason that the indirect method
has mismatches at higher inductor voltages and frequencies in
Fig. 6. Corresponding to the expression (8), because both the
E7ta1 and Ec,ye have their inherent phase shift error, and these
errors are added together for calculating the winding loss, this
method is more vulnerable to the phase shift error compare
to solely measuring the core loss. In contrast, in the proposed
approach, the measured pair of voltage and current is in phase
by design, which makes it nearly insensitive to the probe phase
discrepancy. Hence the proposed approach is superior to the
indirect method in this regard. Either the impedance analyzer
or the indirect methods cannot evaluate the winding loss in a
way that accounts simultaneously for both large-signal effects
and insensitivity to the phase shift error.

To further demonstrate the effect of dc-bias, high ampli-
tude, and phase discrepancy against winding loss, Figs. 7, 8,
and 9 depict the experimental results of the post-processed
equivalent total R4 ¢ of the tested inductor. The equivalent total
R4c is defined as

Pwinding (AC)
Ipyi® (RMS)

€))

Rac =
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FIGURE 7. Experimental results of the winding’s AC resistance for
different dc-bias currents at 10 kHz (Vp,; = 75 V) and its corresponding AC
current (RMS).
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FIGURE 8. Experimental results of the winding's AC resistance by the
various approaches when /o =5 A and Vp,i = 75 \.

As an approximation, the RMS value of the primary current
is retrieved as the peak value divided by /3, assuming the
current shown in Fig. 5 is triangular. The Pwinging(ac) is the
total AC winding loss found by the proposed, FFT, and indi-
rect methods, which excluded the DC component Pyinging(DC)
from the total Pwinding-

Fig. 7 shows the equivalent total R4c against the dc-bias
current /o, which shows that the Rqc witnesses a significant
increase with the rising of dc-bias current, e.g., +30% from
0 A to 20 A. This phenomenon is caused by the variation
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FIGURE 9. Experimental results of the winding’s AC resistance by the
proposed method at 10 kHz for different inductor voltages.

of the core permeability at dc-biased condition [4], [18]-[19]
and subsequently the distribution of the magnetic fields on
the conductors that changes the proximity effect and edge
effect, which impacts the winding loss [12], [20]. Addition-
ally, as can be observed, with the increase of the dc-bias
current, the AC current component is also increased, which
also reflects that the core permeability varied from the static
value. This is an important factor that cannot be evaluated in
the analytical equations and the impedance analyser + FFT
methods. Consequently, the FFT method leads to results close
to the proposed method at a low dc-bias, even better than
the indirect method for this frequency range, but they show
higher differences at a high dc-bias, which can be seen in
Fig. 7. The indirect method can properly detect the variations
of the winding loss against the increment of dc-bias current.
However, the difference between the Ry¢ of the proposed and
indirect methods is due to the phase discrepancy error, which
is almost constant with the increase of the dc-bias current as
it does not affect the phase shift error [11].

Fig. 8 shows different winding loss methods at fixed dc-bias
for three various frequencies. Higher frequencies have ad-
verse impacts on both FFT and indirect method as elaborated
before due to the impedance analyzer accuracy and phase
discrepancy error, respectively. Since the dc-bias current is
not high in the results of Fig. 8, the indirect method is more
deteriorate compared to the FFT method, and the difference
between them is increased by growing the frequency. To fur-
ther demonstrate the effect of phase shift error on measuring
the winding loss, the indirect method is calibrated through a
deskew fixture, Keysight UI1880A. Fig. 8 clearly demonstrates
that by using the deskew tool, the phase discrepancy error
is reduced and the results are close to the proposed method
that can completely diminish the effect of phase shift error on
measuring the winding loss.

To represent the insufficiency of the analytical method,
Fig. 8 also depicts the analytical AC resistances for the induc-
tor presented in Table I. The analytical results are acquired
from Dowell’s 1-D expression for round conductors which is
modified in [5], [29], and converted to the square-wave case.
Fig. 8 shows that the calculated analytical AC resistances for
square excitation are around 45% higher than the results from
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FIGURE 10. The resistances and the magnetizing inductances of the IUT
and RT.

the proposed method. As previously reported in [30], Dowell’s
formula can lead to an error as high as 100% in toroidal
inductors and overestimate the winding loss significantly. The
results illustrated in Fig. 8 suggest that Dowell’s equation has
a substantial discrepancy compared to the other methods in
our tested case with round conductors and random-wound
windings, which agrees with [30]—[33].

In addition, as shown in Fig. 9, when the inductor voltage
is increased, the R4¢ found by the proposed method is also
increased, which indicates that higher voltage amplitude can
also affect the Ryc, due to the increment of the non-ideal
fringing fields around the core and windings [17].

These factors justify the implementation of the proposed
in-situ approach, which reflects these non-linear features and
subsequently offer higher accuracy for practical cases.

IV. SENSITIVITY ANALYSIS

A. IMPACT OF RT MISMATCH

As the principle of the proposed approach, it should be high-
lighted that the RT is intended as a duplicate of the IUT. The
proposed method should ideally meet two conditions, Ly =
Lyz and Reore; = Rcore2, to measure the error-free winding
loss of IUT.

Fig. 10 shows the resistances and the magnetizing induc-
tances of the IUT and RT measured from the impedance ana-
lyzer, across the frequency spectrum. Although both the IUT
and RT are hand-made, they track each other’s property very
well across the spectrum, with a mismatch of below 0.5%.
IUT and RT share the same core and number of winding turns
so that the first condition Ly;; = Ly is met easily. This feature
can be considered as one advantage of the proposed method,
i.e., requiring an identical cored component, while the similar
existing methods require an air-core RT customized for each
testing condition [22], [26]-[27].

Additionally, this feature enables the proposed approach to
accurately test the cases with the high value of the magnetiz-
ing inductances, which is not feasible for other inductive volt-
age cancellation methods such as Mu’s and Hou’s methods for
core loss measurement; because the achievable inductance of
the air-core transformer is limited by the parasitic elements,
which could adversely affect the waveforms and the accuracy
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FIGURE 12. Winding loss measurement error when the RT core loss is not
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100 kHz).

of the system especially at higher frequencies [22], [26]-[27],
[34]-[36].

Fig. 11 presents the core losses of the IUT and RT, evalu-
ated in TPT for various test operations by two winding method
with auxiliary flux sensing windings. The core losses of the
two devices are consistent, with a mismatch of below 1%,
which is intended to cancel out the core loss and subsequently
measure the winding loss of the IUT through (5). Hence, this
tested case satisfies the two conditions required to accurately
determine a winding loss.

In reality, a mismatch between RT and IUT can occur, e.g.,
due to batch-to-batch variation of the cores, while ideally,
they should be identical. Therefore, the sensitivity between the
measured winding loss and the mismatch of the core loss of
two magnetic devices is evaluated and presented in Fig. 12. By
varying the mismatch of the RT core loss, the resulted winding
loss and the error are worked out in comparison to the ideal
case. As can be concluded from the results, even when the
RT has one-third of the core loss discrepancy (35%), the mea-
sured winding loss error is still lower than 10%. Considering
that a large number of standardized inductors are available
today, a reference inductor/transformer with nearly identical
properties should be easy to find, as long as the core shape,
core material and winding arrangements are intended to stay
the same.
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Figs. 13(a) and (b) display the variation of the phase angle
between the V3 and the Ip,;, when the Ly, and Rcyper of
the RT have mismatches from Ly;; and Rcyye; of the TUT,
respectively. When both the Ly, and Rcyre2 of the RT com-
pletely have the same values of the IUT properties as Ly; and
Rcorel, the phase angles between the V3 and the Ip,;, are totally
zero. Hence, V3 is considered as the pure resistive voltage on
the winding and in phase with the Ip,;. However, Fig 13(a)
demonstrates that when the magnetizing inductance of the
RT has mismatches from the Ly;;, the phase angle is rapidly
changed and the inductive voltage cancellation method cannot
entirely neutralize the reactive voltage. On one hand, since the
proposed method using the same core type and the number of
windings of the IUT for the RT, it is relatively easy to fulfil
a zero phase angle, and easy to match an inductance of 10 ~
1000 pH that is typical in power converters with a switching
frequency of less than a few hundreds of kilohertz [37]. On the
other hand, the other inductive reactive voltage cancellation
methods for core loss measurement cannot match the IUT
magnetizing inductance value as accurate as the proposed
method, because they utilize air-cored inductors with a large
number of windings to reach the matching inductance, which
can lead to significant parasitic components and subsequently
significant error of measurement [22], [26]-[27], [34]-[36].

Additionally, Fig. 13(b) shows the impact of the mismatch
of the core loss resistance R.. As can be seen, the mismatch
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of core loss does not change the phase angle as significant as
the magnetizing inductance variations. In short, considering
the mismatch between the RT and IUT, the magnetizing induc-
tance is more influential and the core loss is less of an issue,
while both of them can be relatively easily minimized in the
proposed approach as a result of requiring the same device.

B. IMPACT OF PARASITIC ELEMENTS
In practice, magnetic components have parasitic elements,
such as leakage inductance and distributed capacitance, that
may impact the proposed approach’s sensitivity to probe
phase discrepancy. These two factors can be modelled as in
the equivalent circuit shown in Fig. 14.

The first concerning parasitic element is the leakage induc-
tance, which is caused by the leakage flux. Any magnetic flux
not linking the primary winding to the secondary winding acts
as a leakage inductive impedance in series with the primary
magnetizing inductance [5]. The leakage inductance of induc-
tors (e.g., Lrcakager) 1s generally small, e.g., < 0.5% of the
magnetic inductance [5].

The second concerning parasitic element is the winding ca-
pacitance which can be modelled as a parallel branch [5], [16]
as shown in Fig. 14. The Cp; and Cp; are the lumped parasitic
capacitances which include the turn-to-turn and turn-to-core
distributed capacitance [5], [15], [22] for the IUT and RT. This
winding capacitance in most cases is insignificant in general
[5], [10], [11], [15], [22], [26]-[27]. The error of the parasitic
capacitance on the reactive voltage cancellation method for
the core loss measurement is assessed to be lower than 1% in
previous works [15] and [22].

Considering Both Parasitic Elements and (2-4), the Leak-
age Inductance and Parasitic Capacitance Can Be Concerned
in the Measured V3 as

. 1
Vi = ((]wLLeakagel + RWindingl) I ]CUTPI> Ipi (10)

In this case, equation (5) still yields the real winding loss
over an integer number of signal cycles, while the presence
of the leakage inductance and winding capacitance together
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can lead to a phase shift of the measured signal pair V3 and
ipri by introducing the reactive components, especially at high
frequencies, which may impact the proposed approach’s im-
munity against probe phase discrepancy.

To investigate this issue, the leakage inductance of the
IUT/RT can be measured by an impedance analyzer or LCR
meter with a short circuit applied across the secondary termi-
nals of the magnetic component, which equivalently shorted
out the magnetizing inductance. In this case, the measured
inductance of the primary winding is the leakage inductance
[38]. The Lycakager of the tested IUT is measured at around
0.47 ~ 0.49 pH, which is about 0.5% of the magnetizing in-
ductance of the IUT. The winding capacitance of the IUT/RT
can also be accurately measured by an impedance analyzer or
LCR meter at a frequency above the self-resonant frequency
[5], [16], which is measured at 15 pF at 3.5 MHz for the
studied TUT.

Fig. 15(a) plots the phase angle between the signal pair
V3 and iy in (10) considering the measured Licakager» Cpi
and Rwinging1- Note as the frequency increases, while the
impedance of the leakage inductance wL rises linearly, the
real part in (10), the AC winding resistance, can also rapidly
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increase due to the skin effect and proximity effect. There-
fore, factoring in both the reactive and the real parts in (10),
Fig. 15(a) shows a complex change of phase angle against
frequency. Nevertheless, it can be seen that the phase angle
between V3 and iy is always below 430° from a low fre-
quency to up to 10 MHz in this case. Also, between 50 kHz
and 2 MHz, it is lower than £10°, while the self-resonance
frequency of the DUT is measured at around 3 MHz.

Fig. 15(b) shows the impedance phase angle of the IUT
for three different frequencies in the variation of the leakage
inductance and winding capacitance values. With the winding
resistance measured from the proposed method, according to
the (10), the phase angle between the signal pair V3 and iy
is always lower than +20° for three frequencies tested in the
experiment, even if we assume an exaggerated 1 pH leakage
inductance and 10 nF parasitic capacitance. Additionally, as
illustrated in Fig. 15(b), since the winding capacitance typi-
cally has a small value, its impact on the phase angle is much
lower than the leakage inductance. These observations from
Fig. 15 should also apply to typical cored inductors regardless
of the core material, because the common engineering practice
always intends to minimize the leakage inductance and the
parasitic capacitance.

In summary, in the proposed method, the typical phase shift
between the signal pair V3 and i, in (10) should be less
than £30° when the frequency is < 10 MHz, considering the
nonideal parasitic elements and the growth of AC winding
resistance at a high frequency. Hence, a phase discrepancy of
the probes does not lead to a significant error on the measured
winding loss. Also, taking the leakage inductance into account
means this method can account for the losses both in the
winding and those linked to the leakage inductance.

Fig. 16 shows the relationship between the error of mea-
sured real loss and the assumed probe phase discrepancy [1].
When the measured phase angle is lower than 30°, a 1° phase
discrepancy of the probes leads to an error of only <1%. With
(5) yielding the real winding loss only over the integer number
of cycles regardless of the reactive elements, the proposed
approach can still be considered to have immunity against
probe phase discrepancy. Hence, from the frequency point
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of view, the proposed approach can be accurately adopted to
evaluate the winding loss in a frequency range from 0 Hz
to approximately 10 MHz. Fundamentally, this approach is
designed to exclude the core loss element and capture the real
winding loss only, while the parasitic reactive components are
relatively insignificant in this process. Additionally, regard-
less of the immunity of the proposed method, the measuring
probes should always be calibrated to an extent to diminish
the phase discrepancy error, e.g., through the deskew function
of the oscilloscope and a deskew tool, which is particularly
recommended for the inductors with high leakage inductance
or parasitic capacitance.

V. CONCLUSION

This paper proposes a new in-situ testing approach to accu-
rately measure the winding loss of a given magnetic com-
ponent with the presence of the magnetic core. The pro-
posed method completely captures the whole winding loss,
including the impacts from the non-ideal field distributions on
the magnetic components and non-linear large-signal effects.
Compared to other electrical measurement methods, the main
superiority of the presented method is the immunity to phase
discrepancy and the exclusion of core loss to capture the
winding loss only. Also, due to the easy attainability of the
required reference transformer, the proposed method is simple
to implement compared with the other reactive voltage cancel-
lation methods. The proposed method can enable quick and
accurate winding loss characterization to form a datasheet of
a standardized inductor to inform the power converter design
for practical purposes, which will be covered in future work.
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