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Abstract

Electromagnetic and magnetic devices are increasingly prevalent in sectors such as trans-
portation, industry, and renewable energy due to the ongoing electrification trend. These de-
vices exhibit nonlinear behavior, particularly under signals rich in harmonics. They require
precise and appropriate modeling for accurate sizing. Identifying model-specific param-
eters, which depend on frequency, is crucial. This article focuses on a specific frequency
range where a circuit model with series resistance and inductance, along with a parallel
resistance to account for iron losses (Riron), is applicable. While the determination of series
elements is well documented, the determination of Rjon, remains complex and debated,
with traditional methods neglecting operating conditions such as magnetic saturation.
To address these limitations, an innovative experimental method is proposed, comprising
two main steps: determining the complex impedance of the magnetic device and extracting
Rjron from the model. This method aims to provide a more precise and representative
estimation of Ry.opn, improving the reliability and accuracy of electromagnetic and magnetic
device simulations and designs. The obtained values of the iron loss equivalent resistance
are different by at least 300% than those obtained by an impedance analyzer. The proposed
method is expected to advance the understanding and modeling of losses in electromag-
netic and magnetic devices, offering more robust tools for engineers and researchers in
optimizing device performance and efficiency.

Keywords: winding; impedance measurement; iron losses; data processing

1. Introduction

Electromagnetic and magnetic devices are now widely used in our increasingly elec-
trified world. They are especially important in transportation, industry, and renewable
energy sectors. These devices are essential for the operation of electric motors, transformers,
and power conversion systems. Their reliability and performance have become critical in
modern applications [1-4]. In these applications, the nonlinear behavior of electromagnetic
and magnetic devices is particularly pronounced in the case of being powered by electric
signals rich in harmonics. This nonlinearity complicates the correct sizing of these devices,
making it imperative to use a precise and well-adapted modeling approach [5].

To ensure the accuracy of the circuit models used for these devices, it is necessary to
identify model-specific parameters, which typically depend on frequency [6-8]. For the
scope of this article, the focus is limited to a specific frequency range of [4 kHz-300 kHz]
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where a circuit model with a series resistance representing copper losses and a series
inductance is applicable [9,10]. Additionally, a parallel resistance to this inductance is used
to model the iron losses of the magnetic material in the device [5,10-14].

The determination of the parameters for this model, particularly the series elements
such as resistance and inductance, is well known and documented in the scientific litera-
ture [6-8,15,16]. However, the determination of the equivalent resistance for iron losses,
termed Rj;op, is more debated and complex. Various methods can be used to determine
Riron: analytically, by simplifying the device’s geometry; by approximation using complex
magnetic permeability and finite element analysis [9,11,15,17]; or by direct setting using an
impedance analyzer measurement [6,11].

Each of these methods has notable limitations, mainly because the system’s operating
conditions—temperature, magnetic saturation, and other specific factors—are not consid-
ered. As a result, the values obtained for R, may lack precision and fail to accurately
represent the actual performance of the device under normal operating conditions.

To address these shortcomings, an experimental measurement method that considers
the operating point of the electromagnetic of magnetic device is proposed. This innovative
approach takes place in two major steps. First, the complex impedance of the electromag-
netic of magnetic device is determined while it is operating. This phase enables a more
precise capture of the device’s frequency response characteristics.

Secondly, the value of Rj;on is determined by using the circuit model, the complex
impedance values, and the copper resistance, as seen in Figure 1. This method aims to
provide a more precise and representative estimation of the equivalent resistance for iron
losses by directly integrating the effects of the device’s operating conditions. Consequently,
the resulting model is more reliable, thus improving the performance and accuracy of
electromagnetic and magnetic device simulations and designs. This new experimental
method should lead to advancements in the understanding and modeling of losses in
electromagnetic devices.

i(t)

RCopper

IO

L Riron

Figure 1. Equivalent circuit model of an electromagnetic or magnetic device used at low to medium
frequencies where the inductive effect is predominant.

2. State of the Art

The determination of an equivalent resistance representing iron losses in electromag-
netic and magnetic devices has been an important topic in electrical engineering and
materials science for many years. Early studies used simple methods, usually based on
direct measurements with single-frequency (typically sinusoidal) signals. These early tech-
niques provided only a basic understanding of iron losses. Understanding this parameter is
essential for optimizing the performance of electrical machines, transformers, and inductors
used in DC-DC converters, aiming to improve their energy efficiency and reliability [13,18].

With the development of more complex electrical systems and the widespread use of
power electronic converters, researchers have improved their methods. Modern research
now uses advanced tools, such as impedance analyzers, and applies sophisticated analytical
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and modeling approaches. These advances allow for a more precise and detailed evaluation
of iron losses in magnetic materials.

The continuous development of these methods demonstrates both the increasing
technical requirements for magnetic components and the improved knowledge of how iron
losses depend on nonlinear behavior and frequency.

2.1. Historical Approach

The historical approach involves determining the total iron power losses of the model.
Extensive research has been conducted in this area, enabling electrical machine designers
to accurately calculate and predict these total iron power losses and improve the efficiency
of their design [10,19-21]. Another method involves directly determining the equivalent
resistance of iron losses using the iron losses themselves [8,16,22].

Nonetheless, these studies face limitations due to the applicability of iron power
loss formulas predominantly only at very low frequencies [16]. The maximum studied
frequency was often in tenths of a kilohertz, which is not applicable to broad harmonic
signals, as shown in Figure 2.
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Figure 2. Determination of the iron loss equivalent resistance by [8] (A) and of an iron power losses
by [21] (B).
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Moreover, these determination methods require specific expensive equipment, such as
a sinusoidal variable frequency power supply and the corresponding sensors, in order to
perform the necessary measurements. The frequency range that the power supply can
provide is also a limiting factor and is often the reason why the maximum frequency
studied is so low. These methods properly check how different frequencies affect iron losses
because their sensors only work well at low frequencies. They are unable to show which
frequency ranges cause the most energy loss in the electromagnetic and magnetic device.
As a result, they do not give the full picture of iron losses under real, varied conditions.

2.2. First Resonance Frequency Measurement

The conventional technique associates the determination of the resistance of iron losses
with impedance measurements performed at the first resonance frequency of the device.

Toudji et al. and Grandi et al. have used this type of circuit model, which is equivalent
to the low to medium frequency in Figure 3 [11,23].

Using an impedance analyzer such as the HP4300 series from Agilent Technologies,
Santa Clara, CA, USA, they extracted the impedance measurements of their respective
devices. They then fixed the iron loss equivalent resistance value called “Rp” in their
figure directly to the measured impedance value at the first frequency resonance, as shown
if Figure 4.



Energies 2025, 18, 4099 40f 18

A

to adjacent turns

Ry R, -
AW MW
G Rey & Ra
I }_’_IV\/V\/ J‘ v
LM R, LM, R, 'y _a_V
< Cn -
= E T g
(a) (b)
Figure 3. Equivalent circuit model used by [23] (a) and [6] (b). The equivalent iron loss resistance is
noted by Rp.
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Figure 4. Absolute impedance of the magnetic device measurement by [23] (a) and [6] (b).

Although this method is widely accepted for its simplicity, it presumes a constancy of
resistance beyond this frequency, which may not be relevant for some devices operating
under complex dynamic regimes or exposed to atypical conditions, such as high levels of
saturation or magnetic disturbances [6,11,23].

2.3. Complex Magnetic Permeability

The extraction of resistance through complex magnetic permeability offers another
alternative. Examples of use of this method have been provided by Ruiz-Sarrio et al. and
Cuellar et al. [7,15,24].

In their papers, the authors present the same method of determination. First, they cal-
culate the relative magnetic permeability of their magnetic devices under DC conditions.
Further calculations then transform this into complex frequency-dependent magnetic per-
meability, taking into account the eddy currents within the laminations of the magnetic
device. The imaginary part of this complex magnetic permeability is then used to determine
the equivalent resistance of iron losses, as shown in Figure 5.

The limiting factor of this method is the fact that the complex magneticity does
not consider the hysteresis effect affecting the magnetic device, which contributes to the
nonlinearity [15]. Furthermore, an impedance measurement can also be used to extract the
complex magnetic permeability in some cases, adding to the criticism in Section 2.2 [15].
Because of this, the results may not match real performance, making them less useful for
designing and modeling actual devices.
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Figure 5. Determination of the complex magnetic permeability by [24] (a) and [25] (b).

2.4. Limits of These Methods

The existing methods have certain limitations, as they do not fully represent the real
operating conditions of electromagnetic and magnetic devices. For example, measuring
the first resonance frequency at low signal levels does not account for important effects
such as magnetic saturation and hysteresis. Additionally, calculations of complex mag-
netic permeability—which are used to estimate the iron loss equivalent resistance—are
often based on simplifying assumptions. These assumptions usually ignore the effects
of hysteresis.

For these reasons, we propose an experimental measurement approach that takes all of
these physical effects into account. This method should allow a more precise measurement
that the impedance analyzer in a respectable amount of time.

3. Measurement and Estimation Method

This method is based on the evaluation of the complex impedance of a magnetic device
fed with a switching power supply corresponding to an operating point. Then, a rich,
harmonics-broadband voltage signal will excite the magnetic device.

3.1. Method Description

To analyze the frequency response near the nominal operating point, the wound
device is supplied using a voltage pulse characterized by a low duty cycle to ensure a broad
harmonic spectrum.

The method’s effectiveness is demonstrated through a MATLAB Simulink 2022b
simulation featuring a circuit with constants such as copper resistance, inductance, and
iron loss equivalent resistance, shown in Figure 1, given in the Section 1. A voltage pulse
generator supplies the circuit, operating at 500 V amplitude, 10 kHz frequency, and a 2%
duty cycle, as summarized in Table 1.

Table 1. Parameters of the pulse generator.

Parameters Values
Voltage amplitude 500 V
Frequency 10 kHz

Duty cycle of the pulse 2%

In this simulation, the parameters are fixed with the copper resistance Reopper = 2 (2,
the inductance L = 1 mH, and the equivalent iron loss resistance Rj;on = 5000 Q2.
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Voltage and current steady-state periods are recorded at a fixed time step, determined
by the desired maximum observable frequency, complying with the Shannon-Nyquist
principle [26]. For this simulation, the time step is set at 1 ns, with data acquisition starting
after reaching steady state.

In MATLAB, the signals are processed with the Fast Fourier Transform (FFT).
From the Fourier series coefficients, impedance and phase values at corresponding frequen-
cies are extracted.

The Fast Fourier Transform (FFT) is applied to the voltage and current signals
as follows:

[ee]
v(t)= ) Ve "t 1
n=0
o .
i(t) = 2 [enwt (2)
n=0
where V,,, I, is the Fourier series complex coefficient of rank n, w = 2nf;, and f; is the

fundamental frequency of the supplied periodic pulse voltage.

The time signals and spectra are shown in Figure 6. In order to facilitate the display of
the current spectrum, the DC component is removed from the spectrum graph. The value
of the DC component of the current is 5.0 A.
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Figure 6. Voltage pulse and resulting current in the circuit and their respective spectra.

From the coefficients V,, and I,,, the values of the impedance Z and the phase ¢ of the
circuit are determined at the corresponding frequencies:

Z(fa) = Z(nfy) = Vn/In (3)

¢(fn) = arg( Z(fn)) (4)

Depending on the supply voltage signal, such as a pulse, the corresponding spectrum
may contain harmonics with a magnitude close to zero, as shown in Figure 7. Digital
processing may be required to prevent divergence in impedance calculations with these
particular harmonics, such as a direct thresholding on the magnitude of the harmonics.
Such methods are employed and explained by Creux et al. [27].

The resulting impedance modulus and phase are obtained in Figure 8. The fundamen-
tal frequency fixes the lowest observable value of the impedance.
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Figure 8. Resulting impedance and phase diagrams of the circuit.

3.2. Theoretical Determination of the Iron Loss Equivalent Resistance

Electrical equations of the circuit model in Figure 1 from the “Introduction” Section
lead to the equivalent impedance Z:

7 — Rcopper]_,z(,u2 + RcopperRinon + szZRiron . Rizroan )
L2w? + R? L2w? + R?

ron ron

The real and imaginary part of the impedance ((6) and (7)) can be used to
determine Rj;on-

2 2 2
RcopperL w? + RcopperRiron + RironL w?

Re(Z) = Pa? 1R (6)
RZ_ Lw
Im(Z) = ——on——__ @)

L2+ R2

1ron
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2

From Im(Z), the expression of R, . can be found in Equation (8):

Im(Z)L2w?
Rion = Lo — Im(Z) ®)

From Re(Z), the expression of L2 can be found in Equation (9):

fer
L= —.
W2 Rs + Reer — Re(Z) ©)

| R (Re(Z)—RS)

The following expression for Rjyop, is obtained:

_ (Re(Z) — Reopper)” +1m(2)°
R11'01’1 - (Re(Z) _ Rcopper) (10)

This result is independent of the inductance L but depends on the resistance Reopper-
In the case of our example and simulation, the following Ry, is obtained with a con-
stant Reopper = 2 () in Figure 9.

Iron Loss Equivalent Resistance
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Figure 9. Iron Loss equivalent resistance of the simulated circuit.

By applying the method in simulation, it is possible to obtain the value of Rj;on for
different frequencies.

The iron loss equivalent resistance can only be determined at the frequencies present
in the voltage pulse spectrum, provided that the copper resistance is known and the real
and imaginary parts of the impedance are indirectly obtained from the measurements.

In most of the cases, the geometry of the wound devices is known, so Reopper values
can be determined by using finite element method, considering skin and proximity effects.

4. Experimental Results

In order to apply the method, an experimental measuring test bench has been con-
structed with adapted sensors and the corresponding power supply.

To enable comparison, impedance measurements have been carried out using
a T3LCR1100 impedance analyzer, from TeledyneLeCroy, Loomis, CA, USA.
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4.1. Measurement Setup and Data Processing

The measurement setup consists of a DC power voltage supply with a maximum
voltage of 600 V and a maximum current of 8.5 A. It is connected to a half inverter leg.
The switch T1 is controlled by DSPACE, which allows it to be controlled at the desired
frequency and duty cycle. The wound device is connected to the T2 switch directly, which
is not driven. A schematic of the setup is shown in Figure 10.

A&

Current Measurement
,

— 7/

DC Voltage

Supply
A O(m)se
T2 DUT

+
Figure 10. Measurement setup schematic.

The voltage is measured at the wound device terminals by a passive voltage probe
with a 400 MHz bandwidth, from Lecroy, USA. The current is also measured at the wound
device terminals by a RT-ZC20 Probe with an RT-ZA13 Amplifier, both from Rohdes &
Schwarz, Munich, Germany, having a bandwidth of 100 MHz. Finally, the signals are
visualized and recorded on a MS046 scope, from Tektronix, Beaverton, OR, USA, with
a bandwidth of 600 MHz. Details are available in Table 2.

Table 2. Equipment used in the setup.

Equipment Name Relevant Parameters
DC Voltage: 0-600 V

Power Supply GENG600-8.5, from TDK-Lambda, Achern, Germany DC Amps: 0-8.5 A
Scope MSO46, from Tektronix, Beaverton, OR, USA Bandwidth: 600 MHz

Sample Rate: 10 GS/s

Voltage Sensor

Lecroy PPE 2 KV, from Lecroy, Chestnut Ridge, NY,

Bandwidth: 400 MHz
Input Capacitance: <6 pF
USA Attenuation: 1:100

Current Sensor

RT-ZC20 Probe + RT-ZA13 Amplifier, from Rohde &

Bandwidth: 100 MHz
Propagation Delay: 17 ns

Schwarz, Munich, Germany Sensitivity Range: 1 A/V-10 A/V

Thermal Camera

T200, from FLIR, Wilsonville, OR, USA Temperature Range: —20 °C-1200 °C

In this experimental configuration, the wound device consists of a coil composed of 48
copper turns, located around a magnetic core made from NO20 Fe-Si laminated sheets, from
Isolectra, Estrées-Deniécourt, France. The system is configured with a sampling frequency
of 3.125 GHz. Pulse generation is achieved through the switching states of T1.

Synchronization of the oscilloscope with T1’s control signal enables accurate acquisi-
tion of voltage and current signals flowing through the winding over a complete period.
To mitigate acquisition noise inherent to the experimental setup, the averaging function
of the oscilloscope is employed, allowing signal filtering without inducing phase shifts.
Subsequently, the data is converted into MATLAB format.
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During data processing, compensation for the 17 ns propagation delay, as detailed
in Table 1, associated with the current probe and its amplifier, is necessary. The final data
processing workflow aligns with the procedures outlined in Section 1. This methodology
facilitates the estimation of various Rj;n values corresponding to different operational
points, utilizing the approach delineated in Section 1.

4.2. Measurement Results

These operating points are representative of the operating point of the coils in a DC-DC
converter.

4.2.1. Results and Comparison

Two set of measurements are realized on the test bench in Figure 11. They are per-
formed with the settings given in Table 3. Voltage and current acquisitions are displayed in
Figure 12 for operating point 2.

Figure 11. Picture zoomed in on the wound device and the used sensors and scope.

Table 3. Setting of the acquisition.

Parameters Operating Point 1 Operating Point 2
Voltage amplitude 50V 120V
Frequency 5 kHz 5kHz
Duty cycle of the pulse 1.6% 1.6%
Current DC component 300 mA 14 A

The ensuing spectra as well as impedance and phase diagrams are available, respec-
tively, in Figures 13 and 14. DC component of the current spectrum is removed from the
display and is equal to 1.4 A.

Impedance and phase obtained from the method developed in Section 1 and from the
T3LCR1100 Impedance Analyzer, from TeledyneLecroy, Loomis, CA, USA are compared
in Figure 14.

By analyzing the impedance and phase diagrams for each method, the difference is
obvious. At this point, we can conclude that the operating point has an impact on the low-
to medium-frequency behavior of the wound device.
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The estimated parameters related to the equivalent circuit of wound devices (Figure 1)
will be different depending on the measurement method.

In this paper, we focus our attention on the evaluation of the iron loss equivalent
resistance (Riyon). As seen in Equation (8), it is possible to estimate Rj;o, with the knowledge
of the complex impedance and the copper resistance (Reopper)-

4.2.2. Determination of Copper Resistance

As stated previously, determining the value of the copper resistance is required to
calculate the iron loss equivalent resistance.

In our case, a 2D finite element model with finite element software GetDp Version 3.30
of the wound device is used that takes into account frequency-dependent effects such as
skin and proximity effects [28].

The conductivity of copper is set to the controlled temperature of 26 °C, which is the
temperature at which previous measurements were conducted. The temperature measure-
ment was carried out using a thermal camera directly pointed toward the magnetic device.

The finite element software, showcased in Figure 15, calculates the equivalent copper
resistance Reopper Of the wound device for the frequencies of the harmonic content of the

voltage pulse.

Vi)

.

VA
VAVANAVAY

¥

1

VAN

TAVAY
V4

K

Figure 15. Display of the 2D meshed finite element model of the wound device.

As reported in other studies, the magnetic permeability p,. function decreases as the
frequency increases [29].

The apparent permeability of conductive magnetic materials, such as Fe-Si steel, de-
creases rapidly at higher frequencies due to increased eddy current losses [30,31]. Variations
in Reopper depending of the relative magnetic permeability of the magnetic core 1, in the
wound device are shown in Figure 16.

In this frequency range, Reopper Varies slightly and only affects the result of the iron
loss equivalent resistance by less than 1% (Figure 17) with the lowest magnetic permeability.
Our results are thus only slightly affected by the variation in the magnetic permeability.
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Figure 16. Variation in the copper resistance depending of the magnetic permeability of the core.

Maximum error in frequency on the Iron loss equivalent Resistance
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Figure 17. Error on the iron loss equivalent resistance between a magnetic permeability on the
magnetic core of 750 and a lower permeability of 350.

4.3. Determination of the Iron Loss Equivalent Resistance

The iron loss equivalent resistance calculated according to the steps in Section 2.2 and
the impedance analyzer are compared at Figure 18. Thermal steady state at 26 °C is ensured
before signal acquisition, and determination of the copper resistance is also performed
at 26 °C.

The sensitivity errors associated with the voltage and current sensors were taken into
account, estimated at 2% and 3%, respectively. Numerical errors originating from the
oscilloscope were also considered, but these were found to be negligible in comparison to
the sensor errors.

A frequency dependence of the iron loss equivalent resistance is visualized, while also
being dependent on the operating point at which the magnetic device is running. It validates
the influence of the operating point on the evaluation of the iron loss equivalent resistance.
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Figure 18. Iron loss equivalent resistance of the wound device from the impedance analyzer and the
method at operating point at 300 mA DC and 1.4 A DC.

5. Discussion

The differences between our measurement approach and the one implemented with
conventional impedance analyzers can largely be attributed to the nonlinear behavior
exhibited by electromagnetic or magnetic devices. A key phenomenon explaining this
difference is harmonic intermodulation. In a traditional impedance analyzer, only the
fundamental component of the current, resulting from a perfectly sinusoidal voltage input,
is taken into account in the measurement process, shown in Figure 19.

Impedance Analyzer Our method

Magnetic Device

Magnetic Device

Y Y L

()
)

Variable Frequency
Sinusoidal Voltage Generator

Sum of each signal

Figure 19. Circuit model equivalent of the method highlighting the differences between the measure-
ments from the impedance analyzer and from our method.

By contrast, in our case, the nonlinear electromagnetic or magnetic device is subjected
to voltage excitations containing numerous harmonics. This excitation generates an even
higher number of current harmonics at the output, which significantly affects impedance
determination. The generated current harmonics may add to or subtract from the existing
ones, influencing the resulting signal and impedance determination.

In addition to this limitation, another physical phenomenon characteristic of magnetic
materials, particularly of the ferromagnetic type, comes into play: the existence of minor
hysteresis loops. Minor hysteresis loops are smaller cycles that develop around the major
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loop formed by the fundamental excitation component in an electromagnetic or magnetic
device. According to Petrea et al., the presence of these minor loops around the major
one leads to a reduction in both the material’s dynamic coercivity and—most notably—its
permeability, especially at high frequencies [21].

Further, Petrea et al.’s research demonstrates that high-frequency harmonic content
directly impacts the low-frequency behavior of the device, establishing a clear link between
the effects of minor loops and the methods used to measure the impedance of electromag-
netic and magnetic devices. As a result, changes in magnetic properties in the presence of
harmonic content influence not only the determination of the material’s impedance but
also our estimation of its equivalent iron loss resistance [21].

Finally, because the frequency sweep in an impedance analyzer is performed with
a purely sinusoidal power supply, such an analyzer is fundamentally incapable of generat-
ing and exciting an electromagnetic or magnetic device in a manner that would give rise to
minor hysteresis loops. This means that conventional impedance analyzers cannot capture
these essential dynamic effects, resulting in measurement limitations when characterizing
nonlinear magnetic materials under realistic, harmonic-rich excitation conditions.

In summary, by explicitly considering the effects of minor hysteresis loops and har-
monic intermodulation, our method offers a more precise and realistic determination of
iron loss equivalent resistance under real operating conditions, including phenomena such
as electromagnetic and magnetic saturation. This approach is unique because it accounts
for the actual dynamic behavior of magnetic devices under complex excitation, which
traditional methods typically overlook. As a result, our methodology provides data that
is not only more accurate but is also directly applicable to the modeling and design of
advanced electromagnetic components. Such improved precision is particularly valuable
for high-frequency transformers, power electronics, and other applications where under-
standing complex magnetic behavior is critical. This makes our results significantly more
suitable and relevant for both detailed circuit modeling and the further development of
next-generation electromagnetic and magnetic devices.

6. Conclusions

This work began by reviewing the development of measurement techniques for elec-
tromagnetic and magnetic devices, focusing on the challenges of characterizing iron loss
equivalent resistance under realistic operating conditions. The state of the art highlights
the growing importance of evaluating devices directly under their typical working points,
especially as modern applications increasingly rely on complex, harmonic-rich excitations.

We have introduced a novel method for determining the iron loss equivalent resistance
of magnetic devices directly at their actual operating point. This method involves exciting
the magnetic device with a voltage signal rich in harmonics and measuring both this
voltage and the resulting current. Using these measurements, the complex impedance of
the winding can be directly determined through FFT (Fast Fourier Transform) analysis.
This approach consists of three essential elements: accurate measurement during operation,
careful calibration of the sensors to ensure reliable data, and dedicated digital processing to
extract the relevant parameters from the measurements. Each of these steps contributes to
the accuracy and repeatability of the method.

The method was successfully implemented on an electromagnetic device, confirming
its practical viability. As an example of the results in Figure 18, at 10 kHz, the estimated
iron loss equivalent resistance for a 1.4 A DC operating point is 1262 Q) £ 23 (), while for a
300 mA DC operating point, it is 731 ) & 21 (). For comparison, the value obtained with
the impedance analyzer is 378 & 20 (). This represents a difference of approximately 333%
between the 1.4 A DC operating point and the impedance analyzer and about 193% for
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the 300 mA DC case. The study demonstrates that the DC component of the current has a
clear impact on the impedance of electromagnetic devices and therefore on the iron loss
equivalent resistance. This underlines the relevance and the importance of our method in
applications where the operating currents may deviate from purely alternating forms.

A fundamental difference between our method and traditional impedance analyzer
measurements can be attributed to the consideration of intermodulation effects and the
complex magnetic phenomena known as minor loops. Unlike conventional techniques, our
method takes into account these nonlinear effects, which results in a more accurate and
comprehensive assessment.

To our knowledge, this practical measurement technique is not yet standard in the
field, but it offers significant flexibility and adaptability. It can be applied to a wide range
of electromagnetic and magnetic devices for the direct measurement of iron loss equiv-
alent resistance, which is highly valuable for device design and optimization. Looking
ahead, the method will be extended to analyze performance under various supply wave-
forms, including Pulse-Width Modulation (PWM). In particular, this includes validating
the technique with multilevel PWM signals and in scenarios involving high switching
frequencies—such as those found in advanced inverters equipped with Gallium Nitride
(GaN) components driving electrical motors. These systems are increasingly common due
to their high efficiency and ability to operate at very high switching speeds.

Overall, this method offers a reliable and innovative solution for characterizing iron
loss equivalent resistance under realistic operating conditions. It paves the way for further
research and development, making it particularly relevant for the measurement and design
of next-generation magnetic components used in modern power electronic systems.
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