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Abstract: This paper presents a novel approach for measuring losses in magnetic compo-
nents intended for medium-frequency power electronic applications. The proposed method
enables accurate determination of core losses in power inductors using only voltage and
current measurements. Real inductors, consisting of a copper litz winding and low-loss
core, are used to test the effectiveness of the method across multiple operating points. The
estimation method is able to match the losses with 6.13% accuracy, showing that it is suf-
ficient with only voltage and current measurements, and is efficient in estimating the losses
with low overhead.
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1. Introduction

Power electronic systems continue to place greater emphasis on compactness, reduced
weight, cost-efficiency, and enhanced performance, especially in active components like
transistors, and passive magnetic elements [1-6].

Manufacturers typically provide general information about magnetic material losses in
datasheets, mostly based on sinusoidal voltage supply conditions [7-9]. In contemporary hard-
switching power electronic systems, magnetic elements are frequently subjected to a square wave
voltage input, in contrast to the sinusoidal voltage input assumed by manufacturers in their
parameter datasheets [8—13].

Conducting measurements in conditions that closely resemble the component's operating
environment produces the most reliable results [1, 4, 12, 14]. There are established techniques
for measuring losses in magnetic elements, such as electrical measurement methods (voltage and
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current measurement) [15, 16], or calorimetric methods [17-20]. These methods enable the
assessment of overall losses, but it is often necessary to differentiate between core losses and
copper losses.

A commonly used approach is the two-winding method, which involves adding a winding to
the core of the tested power inductor [21-25]. This additional winding facilitates the
measurement of the induced electromotive force (EMF), allowing the calculation of power
dissipation in the core. However, the two-winding method is vulnerable to phase discrepancy,
which refers to the difference in phase between the measured waveform and the actual inductor
current waveform. This discrepancy can arise due to factors such as parasitic inductance of the
resistive shunt, probe mismatch, and oscilloscope sampling resolution, and becomes more
pronounced at higher waveform frequencies.

Alternative methods for determining core losses eliminate the issue of phase discrepancy but
require specialized system solutions [26—29] that alter the operating conditions of the inductor.
In [27] and [28], proposed methods for cancelling the reactive voltage of the tested inductor
involve the connection of a capacitor or another inductor in series, but precise selection of
compensation capacitance or inductance values is critical and challenging. Reactive voltage
compensation methods are modified in [2] and [29]. Both methods involving inductive
compensation are used for excitation waveforms of any shape. The technique proposed in [26]
involves connecting an air inductor with the same winding in series to the tested core inductor
while separately measuring the losses of both inductors calorimetrically and assuming that the
difference in measured values determines the losses in the core of the tested power inductor.

As mentioned, the two-winding method for measuring core losses requires an additional
winding for EMF measurement. However, with the growing popularity of ready-made inductors
in power electronic systems, it is often not feasible to add this additional winding. Therefore, it
is essential to develop a non-invasive method that accurately determines core and copper losses
in an inductor operating under similar conditions to those in the target system, without requiring
modification to the inductor or its operating system.

The method proposed in [30] allows measuring core losses without additional winding but
with limited accuracy, which was below 30%. Moreover, the method could not be used for every
type of power inductor because core estimation was mostly dependent on a current jump.

The measurement method proposed in this paper can determine core and copper losses
without changing the power electronic system or the inductor itself. The proposed Adaptive
Estimation Method (AEM) relies solely on voltage and current measurements and does not
require EMF measurements. A critical aspect of the approach is the requirement of a high-
bandwidth and high-accuracy current and voltage probe to minimize implementation errors of
the developed algorithm.

The AEM is applicable in cases where the tested inductor is subjected to a rectangular voltage
waveform with adjustable amplitude and frequency produced by a power electronics system.
Such excitation corresponds to the operating conditions of the inductor that are frequently
encountered in practical power electronic systems. The AEM uses a model of inductor along
with an adaptive estimation algorithm to determine all model parameters. This applies to the
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inductor's operation in the linear region of the B-H magnetization curve, taking into
consideration the hysteresis loop.

2. General assumptions for tested inductor

The power inductor model shown in Fig. 1 is adopted for this study [31]. The algorithm’s
major task is to determine the values of the R, Ls, L, and R, (Fig. 1) inductor model parameters
based on the recorded voltage waveform v of the power supply (rectangular bipolar waveform
with a fixed duty cycle of 50%) and the inductor current for quasi steady-state i. This model
should be characterized by a good representation of the time waveform and total power losses,
as well as allowing approximate determination of core losses. The proximity of the turns in the
winding creates small capacitances between adjacent turns and the inductor as a whole behaves
like a combination of resistive-inductive elements connected in parallel with capacitance. At low
frequencies, the self-capacitance has no significant effect but at higher frequencies it could cause
the inductor to oscillate. The model shows neglected interturn capacitance C [32] (it is
permissible in the frequency range of interest below 200 kHz [33, 34]). Figure 2 shows a typical
theoretical voltage waveform (a square wave with a frequency of 1/7) and the current waveform
of the inductor.

Fig. 1. Inductor model equivalent circuit
diagram (the electromotive force is
marked as e)
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In order to determine the parameter values of the model in Fig. 1, an optimization method is
applied. Based on the measured v and i waveforms, the values of the model parameters are
determined, taking into account the constraints on parameter values. Subsequently, a simulation
of the model's operation is carried out with the determined parameter values. The obtained
current waveform is compared to the measured waveform, and the quality criterion value is
determined. Then, the model parameters are adjusted appropriately, and another simulation is
conducted. This process is repeated until the optimal values (in accordance with the adopted
quality criterion) of the model parameters are found. The algorithm's proper operation is limited
by the following conditions:

— The current jump (carrying information about core losses) is measurable and has a
significant value (relative to the current amplitude). The greater the ratio of the time
constant 71 = L,,/R. to the period of the supply voltage (7), the greater the relative value
of this jump. Therefore, it is not visible for a very small value of this time ratio (z;/7 = 0).

— The time constant of this jump must be sufficiently small compared to the period of the
supply voltage. It is equal to: 7o = Ly/(Rw + R.). For relatively large values of the ratio of
/T, the simplified R,.L,R. model is insufficient to reproduce the current time response
(no visible rapid current change) [30].

It must be stated that in a practical inductor the leakage inductance is much smaller than

magnetizing inductance Ly < L.

3. Algorithm operation



WWWw .CA‘L{S(J])iblllﬂ.])illl.pl P N \-\‘\\;‘\'\'.j()Ul'll‘dl}-,l)ill’l,l)l
=

This paper has been accepted for publication in the AEE journal. This is the version which has not been
fully edited and content may change prior to final publication.
Citation information: DOI 10.24425/aee.2025.153904

The waveforms v and i are recorded in a quasi-steady state for a bipolar rectangular voltage
with a 50% duty cycle. The data are postprocessed:

1) The time window containing the maximum available number of complete periods of the

measured voltage (v) and current (i) is determined.

2) The active power (P), root-mean-square values of voltage (Vrms) and current (/rms) are

calculated for the previously determined complete periods.

3) To achieve a shorter time to reach a quasi-steady state the simulation starts from the

moment when the phase shift of the supply voltage is equal to 90°.

The block structure of the algorithm is presented in Fig. 3. The proposed algorithm needs to
simulate the virtual inductor model. The first step is to find the initial parameters of the inductor
model — inductance Lo, winding resistance R,, and core resistance R.. The initial value of the Lo
inductance is estimated using the formula (for bipolar square wave voltage with duty cycle 50%):

4
T M

LO :Lm + Ls =

where /,., is the peak-to-peak current and f'is the switching frequency. The active power (P),
which represents all losses in the inductor, is calculated as follows:

P=2 ft;‘” (vi) dt. )

The resistance is a non-negative real number R > 0 with the upper limit selected based on the
basic inductor model with a series connection of resistive and inductive elements. In this case,
all power losses will be represented by one resistive element.

In the next part, the model is extended to a general inductor model (Fig. 1). The initial core
losses are estimated by the method proposed in [30] based on a current jump.

If the value of the current jump (Al) is relatively large, it is possible to narrow down the range
of checked R, values by estimating the initial core losses (P.) [30], e.g., with an assumed
accuracy of £30%, which is an upper and lower limit of the algorithm.

PL,O:@ (£30%) . 3)
And then the new winding losses estimation range will be:

P,oin=P-13P,, (4a)

Pmax =P—0.7P, . (4b)

If Pyvmin < 0, it is assumed that it equals zero because the active power cannot be lower than 0.
If Pymax > P, it is assumed that it equals P because winding losses cannot be higher than the
summed core and winding losses.

_ Pymin
Rw min~ 2 } (53)
RMS
— PW max
Rw max_ [%{MS . (Sb)
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The values of L and R,, are determined iteratively. In each iteration, the ranges of their
variability and the number of points considered from this range are determined.

For each pair of determined values L and R, in the model (Fig. 3), the value of R, is
determined in such a way that the difference between the estimated power loss for the simulation
results and the calculated total power loss (core and winding) for the measurement data is close
to zero.

The operational steps of the algorithm can be described as follows:

1) Simulations are performed for the given parameters and the applied voltage.

2) For each simulation, the error of the estimated current waveform 7 and the measured

current i is calculated: 7 =7 —i.
3) For each simulation, the average relative fitting error of the estimated current waveform i
is determined in relation to the measured current i.

_lyn
J=3Eh- ©
v — Y'Y
Tested Inductor
4 £
’l, /:\ A ](t)
, it
Inducl‘é; model o Fig. 3. Block d.iagran? of the
ry — ; proposed adaptive estimation
’ L i(t) method
Adaptation [*—
I R-R J algorithm it)
i b -5
Initial parameters | v(7)
L’O ] RM max BPCO

In general, the algorithm allows achieving similar current shape and same total active power
losses in the simulation model of the inductor and in the tested inductor. The information about
current jump Al during PWM switching allows getting information about core losses.

4. Experimental results
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4.1. Test setup

The proposed method has been used in real power inductor testing. In the first example, the
commercial inductor with a litz wire and FINEMET core is tested (Fig. 4). The inductor’s
mechanical and electrical parameters are listed in Table 1.

Temperature sensor cables

4- 3

: Ilnductor power wires|

Fig. 4. Photograph of the tested
power inductor with FINEMET
core (visible cable for temperature
sensor was not used during test)

Table 1. Mechanical and electrical parameters of the tested power inductor with FINEMET core

Parameter Value
core type EC 78/30
weight ~590 g

core dimensions

78 x 74 x 30 mm

gap dimension

2x0.1mm+1x0.15 mm

wire type

2 % (630 x 0.1)

number of turns — main winding
(voltage measurement)

8 turns

number of turns — additional winding
(EMF measurement)

8 turns

inductance calculated by supplier
(unknown method)

90 wH +/— 10%

maximum DC current

35A

maximum induction

0.675T




WWWw .CA‘L{S(J])iblllﬂ.])illl.pl P N \-\‘\\;‘\'\'.j()Ul'll‘dl}-,l)ill’l,l)l
=

This paper has been accepted for publication in the AEE journal. This is the version which has not been
fully edited and content may change prior to final publication.
Citation information: DOI 10.24425/aee.2025.153904

For the method verification, an additional winding was added to the inductor, encircling only
the core. The primary winding (main power winding) is energized with a square voltage source,
producing a time-varying magnetic flux in the core. The flux generates an electromotive force in
the secondary winding due to Faraday’s law of induction. The second winding enables the
measurement of electromotive force used only to verify the proposed method and to provide
reference values for core losses [21-24]:

Perwr=1 f,;°+T (e-i) dt . 7)

This method isolates the core losses from other components of energy dissipation, such as
copper losses in the windings. It is a non-invasive and efficient technique for loss estimation.
The measurement system uses a Tektronix measurement set: an MDO3104 oscilloscope (with a
band of 1 GHz and a record length of 10 million points with a 5 GS/s sampling rate) and a
TCPOO30A current probe with a 120 MHz band and TPP1000 passive probes with a 1 GHz band.
Both are used to measure the voltage and the back EMF.

4.2. Variable frequency value
The measured current waveform of the inductor is presented in Fig. 5.

T T T T T T T

measured | -
model

Fig. 5. The measured and
simulation current
waveforms for a supply
voltage frequency equals
100 kHz

t(us)

The results show the measured current i and the estimated current 7. The proposed method
can precisely estimate the current shape in time domain. The described inductor has been tested
for various values of operating parameters and the results are presented collectively in Figs. 6, 7
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and 8. Figure 6 shows core losses for model-based estimation and measurement. Figures 7 and 8
present a relative error and relative current fitting (6), respectively. The switching frequency f'is
changed from 37.5 kHz to 125 kHz and the /,., current is set to 8 A during all tests (Table 2).

40 T T T T T

O  measured
O  model

35r

—_
(]
T

0 1 1 1 1 1
0 25 50 75 100 125 150

f (kHz)

Fig. 6. Core power losses determined based on the measurements (marked as measured) and using the
optimized model for different voltage waveform frequency values

Table 2. The results of measurements and simulations using the fitted model for different voltage
waveform frequency values

fIkHz] 37.5 50.0 62.5 75.0 1000 | 125.0
Ve [V] 40.5 535 67.2 79.2 1060 | 1312
Measurements
PW] 4.4 7.8 1.5 15.7 27.4 40.8
Pe[W] 3.8 6.4 10.1 13.6 2.9 34.0
Ry [mQ] 1122 | 1957 | 2826 | 4014 | 6950 | 1040.1
Fitted L [uH] 70.4 69.8 69.3 69.6 69.6 69.2
parameters
R[] 4232 | 4219 | 4503 | 4566 | 4673 | 4800
Model errors Olav [%] 1.37 1.37 1.70 1.63 2.06 1.83
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Fig. 7. Relative error of the core power estimation for different frequency values
of the voltage waveform

10



\\'\\(\’\.CA‘L{S(J])iblllﬂ.])ﬂll.pl P N \-\‘\,\;’\'\'.j()lll’ll‘(ll}-.l)ill’l.l)l
X

POLSKA AKADEMIA NAUK

This paper has been accepted for publication in the AEE journal. This is the version which has not been
fully edited and content may change prior to final publication.
Citation information: DOI 10.24425/aee.2025.153904

25 T T T T T
2F b .
o)
o)
Q
1.5 F .
<2 ® 0
B
B
l [ -
0.5 .
0 L
0 25 50 75 100 125 150
J/ (kHz)

Fig. 8. Relative error of the current fitting for different frequency values of the voltage waveform

4.3. Constant frequency value

Table 3 shows the changes in the inductor losses as a function of the /,., current parameter
while maintaining the constant value of the switching frequency f'= 50 kHz. Figures 9, 10 and 11
show power losses, the relative difference (%) in the losses calculated and the relative difference
for the current response for both methods. It is assumed that the core losses calculated by (8) are
the reference method.

11
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Fig. 9. Core power losses determined based on the measurements (marked as measured) and using the
optimized model for different peak-to-peak current values

Table 3. The results of measurements and simulations using the fitted model for different peak-to-peak
current values

Ipr 153 | 16.7 | 182 | 19.6 | 209 | 224 | 238 | 252 | 265
[kHz]

Measu- Vi [V] 109.5 | 119.5 | 129.0 | 138.7 | 148.5 | 158.9 | 169.2 | 179.3 | 189.0

rements 1 prwy | 360 | 433 | 521 | 592 | 682 | 796 | 89.9 | 1019 | 1133

Pc[W] 329 39.6 | 472 | 549 | 63.1 73.0 82.8 | 92.6 | 1034

Rw[mQ] | 230.8 | 232.9 | 237.4 | 232.7 | 233.0 | 233.5 | 236.7 | 240.3 | 240.8

Fitted LipH] | 726 | 726 | 721 | 719 | 720 | 720 | 720 | 722 | 723
parameters
Re[Q] | 379.6 | 3765 | 364.6 | 371.1 | 369.0 | 362.1 | 363.4 | 360.1 | 359.8
i [%] | 223 | 210 | 197 | 193 | 186 | 177 | 1.74 | 165 | 1.56
Model 1 5p 1000 | 002 | 0.02 | 004 | 002 | 002 | 002 | 0.01 | 001 | 0.01
errors

OP:[%] | 4.13 | 443 | 336 | 566 | 550 | 4.64 | 5.00 | 3.77 | 4.08

12
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Fig. 10. Relative error of the core power estimation for different peak-to-peak current values
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Fig. 11. Relative error of the current fitting for different peak-to-peak current values

13
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5. Conclusions

The presented novel AEM enables the calculation of losses in the inductor core under
conditions similar to those found in actual power electronic converters (square voltage power
supply). It is important that the tested inductor operates in conditions for which the relationship
T <<t is satisfied, which means that for the applied rectangular voltage the corresponding
current closely resembles a triangular one. The calculation of inductor core losses using only
measurements of current and voltage qualifies as a novel method, provided it offers distinct
advantages over existing approaches and demonstrates unique insights.

The AEM enables the separation of losses in the core and the winding, which is confirmed
by comparison with the well-known and accurate two-winding method. In most cases the relative
difference is below 5% and the maximal error is 6.13%. When the losses are relatively small,
measurement errors tend to increase due to challenges in accurately identifying the switching
moment and the magnitude of the current jump.

All parameters, resistances, and inductances from Fig. 1, determined using the AEM can be
used for precision time or frequency domain simulation purposes.

The method demonstrates a fundamentally new way to interpret voltage and current data that
reveals previously inaccessible aspects of core losses.
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