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Methodology and Measurement Setup for
Determining PWM Contribution to Iron Loss in

Laminated Ferromagnetic Materials
Igor Sirotić, Member, IEEE, Marinko Kovačić, Member, IEEE and Stjepan Stipetić, Senior Member, IEEE

Abstract—This paper presents a novel methodology and
experimental setup for measuring iron loss under pulse width
modulated (PWM) power supply using a ring sample of the
ferromagnetic laminated core. A power converter based on
silicon carbide (SiC) technology was used to achieve high
switching frequencies and near ideal output voltage. The unique
feature of the proposed setup is iron loss measurement under DC
magnetization bias using a single excitation winding supplied by
the single phase inverter. The research objective is to determine
the influence of PWM and inverter parameters on iron losses
and to establish the methodology for measurement and data
processing required to produce loss data maps that can be used
to improve the accuracy of total loss estimate for an electrical
machine.

Index Terms—PWM, iron loss, ring core, laminated ferro-
magnetic materials, DC bias, inverter, SiC

Nomenclature
Ds, #s,Ψs search winding: voltage, number of turns, flux

linkage
De, 8e, #e excitation winding: voltage, current, number of

turns
*DC, <a inverter: DC link voltage, amplitude modula-

tion index
5sw, 51h frequency: switching freq., fundamental freq.
∗bias the DC value (average) of any variable related

to the excitation of the core or to the magnetic
field density and strength in the core is given
with a bias suffix

I. Introduction
According to the recently published data, 46% of the

total electricity consumption in the world is used by electric
motors [1]. When the scope is limited to the industrial
environment only, the percentage becomes even larger: about
65% of the electricity consumed in industry is used by
electric motors [2], [3]. The use of variable speed drives
in industrial applications of electric motors is prevalent
nowadays. Moreover, electric generators in modern renewable
energy applications, such as micro and small hydropower
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applications, wind power applications, are almost exclusively
grid-connected through active front-end power converters.

A key role in ongoing efforts to reduce energy consump-
tion is to improve the efficiency of electrical equipment,
both in motor and generator operation. Therefore, electrical
machine designers should use accurate loss data of ferromag-
netic materials. For magnetic materials, these data are usually
available from manufacturers’ data sheets or from database
collections. According to the international standards for ma-
terial characterization, Epstein frame samples, single sheet
testers or ring core samples are used for the experimental
determination of the loss data, but using sinusoidal voltage
waveforms.

With the transition from sinusoidal AC voltage supply
to PWM voltage supply, the losses in the magnetic circuit
of electric motors and generators increase [4]–[8], since the
current and voltage waveforms can be significantly distorted
compared to the sinusoidal form. This distortion leads to the
formation of relatively small remagnetization cycles during
the main cycle and the occurrence of small loops adjacent to
the main hysteresis loop. Finally, this results with an increase
in the total area bounded by the main hysteresis loop, and the
area of the small loops, if any, is added to the total losses,
i.e. the iron loss is increased. Therefore, a widely accepted
and proven model for predicting PWM-induced iron loss is of
paramount importance to electrical machine designers, both
in the context of loss minimization and thermal management.
This means that iron loss, and in particular the PWM effect
on iron loss, are essential not only for machine performance
prediction but also for cooling system design.

This paper, which is the extended and improved version
of the paper presented at the ICEM2020 conference [9], is
organized as follows. Section II outlines the theory of PWM-
induced loss measurements under varying DC bias fields,
reviews measurement setups available in the literature and
their drawbacks, and provides the research motivation. The
proposed measurement setup and methodology are presented
in sections III and IV, while the last two sections provide a
discussion of the results and a conclusion.

II. Research Motivation

This research was motivated by the lack of useful pub-
lished measurement data for laminated steel materials and the
lack of commonly accepted method to account for PWM-
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induced losses during the design phase of an electrical
machine.

The PWM switching frequency is typically much higher
than the fundamental frequency, which means that the small
remagnetization cycles occur under the condition of a prac-
tically unchanged fundamental field (Fig. 1), so that it can
be considered as a constant state of magnetization (DC bias
field) [10]. Depending on the DC bias field value, formation
of the minor loops changes with regards to its shape and
size [11]–[15] thus affecting PWM-induced additional loss
(Fig. 2). A ring core (toroidal core) iron loss measurement
system can serve as a valuable tool for studying the iron loss
characteristics of non-oriented soft magnetic material (e.g.,
silicon iron laminated steel) at high excitation frequencies
and varying DC bias fields [10], [16]–[18]. Gathering loss
data for the ripple with various peak-to-peak amplitudes and
frequencies in the conditions of different values of the DC
bias field results in multidimensional loss map of a material.
If the ripple parameters are known for a certain operating
point of an electrical machine, using loss data can lead to a
significant improvement in accurate total loss estimates.

There are several papers in which the authors focused the
research in that direction, and few of them provide systems
with excitation range parameters which can be of interest
in electrical machine design. As previously reported by the
authors in [10], measurement systems in the literature are
designed for either low excitation frequencies up to 4 kHz
[13], [19] or relatively low DC bias fields up to 1.4 T [12],
[18]. In [10], a measurement setup is proposed that achieves
1.8 T of DC bias field and 20kHz excitation frequency,
and the tested peak-to-peak values are in the range typically
expected for inverter-fed electric machines.

There are generally two different approaches that deter-
mine the configuration of the measurement setup with respect
to the excitation circuit: some use separate windings for the
AC and DC excitation [10], [12], [19], while others combine
the AC and DC excitation into a single winding [13], [18].

The use of separate excitation windings has several
drawbacks. Apart from the fact that sample preparation is
technologically more complicated and time consuming, AC
ripple induction in the DC winding is inevitable. This then
reduces the ability to maintain a steady DC bias field. Adding
an inductor as a filter to the DC circuit can reduce the
occurrence of additional ripple, but it still affects the DC
current supplied to the sample. Also, if the setup is used
to test at multiple excitation frequencies, several different
inductors should be used to optimize attenuation in specific
frequency ranges, which complicates the setup.

Another drawback is the existence of interwinding capac-
itance between AC and DC excitation windings. To achieve
high DC bias fields, the number of turns of the DC winding is
usually substantial and it overlaps with the AC winding over
the entire length of the core. In this way, the total interwind-
ing capacitance of the excitation system is increased. Because
of this capacitance, charging currents occur at AC source
PWM switching points that are not negligible, especially

Fig. 1: Remagnetization cycles formed along the main cycle,
shown for 4 kHz and 40 kHz switching frequency [9].

Fig. 2: Minor loops at Δ� = 30 mT and d�dC = 0.12 T/ms for
different values of �bias plotted along the commutation curve
(a). Subfigures (b) and (c) show a detailed view of a single
minor loop at �bias ≈ 0.45 T and �bias ≈ 1.4 T, respectively.

at higher excitation frequencies. Although these capacitive
currents have no direct effect on the magnetic field in
the core or additional iron losses, they are present in the
excitation current signal and must be filtered out. Since the
excitation current signal is used for loss calculation, this
otherwise leads to an apparent increase in PWM-induced
losses and even to the occurrence of Z-shaped hysteresis
loops. Similar problems also occur with a search winding if it
overlaps significantly with the excitation winding. Therefore,
the IEC standard [20] suggests separating the windings when
observations are made at higher excitation frequencies.

On the other hand, there are also proposed setups which
use only a single excitation winding. AC component ex-
citation is superimposed with a DC offset of the power
amplifier. Although this approach eliminates the problems
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associated with the second excitation winding, the use of the
signal generator and power amplifier as an excitation system
significantly limits the ability to achieve substantial DC bias
fields needed to characterize the laminated materials up to
the levels used in electrical machines.

Regardless of the excitation approach, another drawback
of the measurement setups available in the literature is that
they are all limited to relatively small core samples. This
is mainly due to the fact that signal amplifiers are used to
generate AC excitation, which are generally limited in terms
of power delivery. Therefore, the length of the ring core is
relatively short. Furthermore, in order to obtain a uniform
distribution of the magnetic field in each cross-section of the
core, short length cores also must have a relatively narrow
cross-section. For example, the cross-section of the sample
core in [10] is only 5.7 mm wide. With a laser cut depth
effect of about 1mm on both sides of the ring, about 35% of
the core cross-section is affected by this design factor.

In this paper, a novel measurement setup for estimating
PWM-induced losses over a wide operating range of exci-
tation frequencies and varying DC bias fields is proposed.
Setup is built as a single winding excitation system with
an inverter serving as both AC and DC power supply. The
use of an inverter as the power source in this setup ensures
easier reproduction of the setup, since an inverter is a
commonly available component in most research laboratories.
In addition, it allows wide voltage and current ranges to be
achieved, and with power switches based on Silicon Carbide
technology, the possibility of a wide switching frequency
operating range is ensured.

III. Measurement setup
A custom setup was designed and built to determine the

impact of PWM-generated power supply on iron loss in the
core. The setup can be used both to analyse the effect of the
inverter power supply parameters on the core loss increase
(AC measurements) and to characterise the material loss as
a function of the varying DC bias field and ripple amplitude
and frequency (DC bias measurements). In the latter case,
both the DC bias voltage and the flux ripple are obtained
with a single-phase inverter source and a single excitation
winding, which makes this measurement setup novel.

The setup consists of the controllable DC power supply,
the single phase full-bridge inverter, the control board, the
laminated ring core and the data acquisition system (Fig.
3). The component parameters of the measurement setup are
shown in the Table I.

A. DC power supply
The DC power supply is connected to the AC power grid

and is used to supply the inverter DC link with a stable,
arbitrary DC voltage. The steady, constant DC voltage supply
to the inverter DC link is critical in determining the power
loss characteristics of the material, as a slight change in
the voltage value can result in significant changes in the

calculated power losses. The use of non-controlled AC/DC
converters is not an option as voltage fluctuations of the grid
AC power supply will affect the result. Also, in states of
high saturation of the core, a high ripple current is drawn
from the inverter DC link, which affects the instantaneous
value of the DC link voltage. Increasing the capacitance in
the inverter DC link is critical to minimize the ripple in the
DC link voltage, which affects the accuracy of the power loss
calculation. For this reason, the capacitance bank is added in
this measurement setup (Fig. 3).

B. Inverter
The excitation winding of the ring core under test is

supplied with a PWM voltage by the inverter. This results in
different RMS voltage values, fundamental frequencies and
PWM frequencies when performing AC measurements, while
DC measurements use the inverter to generate duty cycle
controlled square-wave voltage to obtain the desired values of
the DC bias (�bias). The power switches in the inverter are
based on Silicon Carbide (SiC) technology, which ensures
a wide operating capability in terms of switching frequency,
dead-time minimization, absence of knee voltage of the active
switch, and conduction of the MOSFET in the third quadrant.
All these features of the SiC power module are important
for generating a nearly ideal and rigid voltage across the
excitation winding. The control board of the inverter is based
on the TMS320F28379D digital signal processor (DSP) from
Texas Instruments. Its main task is to generate PWM signals
for different types of modulation to supply the excitation
winding. The excitation current is monitored by DSP using a
ABB ES1000F 1 kA, 100 kHz current transducer for control
and over-current protection purposes.

C. Ring core specimen with windings
Ring core used in the tests was made of 0.5 mm thick

laminated M400-50A steel rings stacked together using the
backlack method. Two windings were wound around the
core: a excitation and a search winding. For initial AC
measurements, a excitation winding of four separate # = 100
turns windings was wound uniformly distributed in two layers
around the core. The windings could then be combined in se-
ries or parallel connections, allowing four different excitation
winding combinations with # = 100, 200, 300 or 400 turns.
This was done in order to enable to investigate the influence
of the amplitude modulation index and the DC link voltage
on the PWM-induced loss contribution. The maximum peak
flux density in the core achieved with this configuration was
up to � = 1.75 T at 51h = 50 Hz. Further increase remains
to be tested, but reaching � = 2 T is expected. The search
winding with # = 20 turns was wound below the excitation
winding in a single layer as close to the core as possible.

For the purpose of DC bias measurements, a new single-
layer excitation winding was wound. The reason for this was
significant capacitance of the existing double-layer winding
and the higher sensitivity of the DC bias measurement to the
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Fig. 3: Measurement setup block schematic and photo of the actual setup built in the research laboratory

TABLE I: Measurement setup parameters

Part Parameter Value

In
ve
rte

r

Power modules Cree CAS300M12BM2

Switching freq. 2 - 40 kHz

DC link voltage 0 - 400 VDC

DC link capacit. �main = 1000`F, �bank = 14 mF

C
or
e

Material M400-50A

Diameter 3outer = 220 mm, 3inner = 160 mm

Height, Stacking factor 65 mm, 0.977

Weight 8.7 kg

M
ea
s. DAQ system DeweSoft Sirius HS (1MHz)

Current trans. 1 LEM Ultrastab IT205-S, 200A RMS, 100kHz

system capacitance. Enameled wire was used to maximize
the copper to insulation ratio, allowing more turns per unit
length. In addition, the authors experienced problems with
additional losses due to significant interwinding capacitance
when the excitation and search windings overlapped. This is
not only due to the higher excitation frequencies but also due
to PWM-induced excitation. For these reasons, the excitation
winding was uniformly wound about 90% of the core length,
achieving # = 190 turns, while the search winding was
wound with # = 20 turns in the remaining gap. The 10%
gap also had a positive effect on reducing the excitation
winding capacitance i.e. capacitive charging currents at PWM
switching points. The maximum �bias in the core achieved
under these conditions was up to � = 1.82 T at Δ� = 50 mT
and d�

dC = 0.8 T/ms.

D. DAQ system and calculation of power loss
The voltage of the excitation and search windings, the DC

link voltage of the inverter and the current of the excitation

winding are measured and analyzed in the data acquisition
system. The core temperature is also monitored at three
different positions of the core. The sampling rate of the
voltage and current channels is set to 5B0<?;4 = 1 MSPs.

The power loss is calculated in the frequency domain
and each harmonic frequency is analysed separately. In
this way, amplitude deviation and phase delay caused by
current transducer imperfections can be corrected [9]. The
fast Fourier transform (FFT) is used to transform the search
winding voltage and excitation current into a series of Fourier
harmonics expressed by amplitude and phase. Each harmonic
contribution to the power loss is then calculated separately,
taking into account phase and amplitude corrections. The
total active power is then the sum of all calculated active
power contributions at each harmonic frequency:

%;>BB = : ·
=∑
ℎ=1
0.5 · *̂ℎ ·

�̂ℎ

��ℎ
·

· cos(iℎ,* − iℎ,� − i�ℎ), (1)

where *̂h and �̂h are the voltage and current amplitudes of
the ℎth harmonic, ih,U and ih,I are the voltage and current
phase angles for the ℎth harmonic. �Ch and iCh are amplitude
and phase delay corrections of the ℎth harmonic for the data
acquisition system and transducer used for measurement.

IV. Measurement methodology
A. AC measurements

AC measurements procedure is designed to set different
values of the output voltage RMS by changing the amplitude
modulation index and the DC link voltage value. The mea-
surement procedure is implemented in the algorithm of the
control board, so that after entering the initial test parameters,
the experiment is performed automatically. To reduce or avoid

4



Fig. 4: Typical waveforms for DC bias measurements at 5sw = 2 kHz and dB
dt = 0.1 T/ms.

the effect of DC bias of the core, the following actions are
performed. The core is first excited to the maximum flux
density (well into the saturation region) and held at this point
for a time to achieve a steady state. Then the flux density is
reduced in steps of the desired resolution, with slow down-
ramping always allowing time for settling between two flux
density values. Measuring from lower flux density states to
higher ones could lead to inconsistencies, since a residual
DC bias may be present in the core at the beginning of the
experiment. Returning to zero flux density after each step or
at any point during the experiment is also not an option and
will lead to some DC bias induced errors. The setup must
be designed to thermally sustain the entire experiment in a
single run. Signal samples are taken for each flux density
resolution step of the flux density in the duration of at least
10 periods of the first harmonic frequency to ensure sufficient
frequency resolution in the FFT post-processing. The iron
loss is nonlinear over the entire range of magnetic properties,
so the same step resolution is used in both the linear and
nonlinear regions of the B-H curve.

The effect of switching frequency 5sw and modulation
type on losses is easily determined. The experiments are
performed for different switching frequencies in the range of
2−40 kHz and both unipolar and bipolar modulation modes,
while all other parameters remain unchanged.

1) DC link voltage value impact: In determining the
influence of the *DC value on iron loss, care must be taken
that all other influencing variables remain unchanged. The
same magnetic state (�1 = �2) must be reached at the same
<a. Thus, if *DC increases, #e must also increase corre-
spondingly, the relationship between the two being linear.
Thus, the effect of *DC on the losses is isolated from <a.
In this experiment, it is very important that the number of
turns of the excitation winding #e and the conductor cross-
section are combined in such a way that the winding losses
do not change or change only slightly. Otherwise, different
peak values � are achieved and a comparison of the results
is not possible.

2) Modulation depth impact: To determine the impact
of <a on iron loss, equal magnetic conditions (�1 = �2)
with several different values of <a must be established. This

can be achieved by keeping *DC unchanged and reducing
the number of turns of the excitation winding #e. As #e is
decreased, the winding reactance -e decreases, so that with
*DC unchanged, the current increases. At the same time, as
#e decreases, the magnetic field strength � also decreases,
since they are in direct linear dependence. However, since -
depends quadratically on #e, a decrease in <a is necessary
to ensure that �1 = �2. Repeating the experiment for several
different combinations of #e and <a shows the impact of
<a on iron loss. The methodology is designed to analyze the
impact of <a on iron loss in the range of linear dependence
of *DC on <a. The effects of overmodulation on the iron
loss have not been investigated yet, but will be considered in
further studies.

B. DC bias measurements
To determine the effect of varying DC bias field on

the formation of the minor loops, i.e. PWM-induced losses,
the DC bias measurements procedure is implemented. It is
designed to set different values of DC core magnetization as
well as flux ripple frequency and peak-to-peak values. The
DC bias setting is reflected by specifying a certain �bias,
while the flux ripple is determined by specifying both d�

dC
and Δ� parameters.

Fig. 4 shows the waveforms of the excitation voltage,
current and flux density at d�dC = 0.1 T/ms and Δ� = 25 mT
for two different values of the DC bias. The inverter supplies
the excitation winding with a square-wave voltage, which is
shown in Fig. 4(a), whose average value (*bias) is controlled
by changing the duty cycle. Applying the voltage shown in
Fig. 4(a) to the excitation winding results in flux and current
waveforms with triangular ripple and nonzero average value.
The average value of the current is determined by the average
value of the voltage and winding resistance (*bias/'), while
the peak-to-peak value of the ripple depends on the DC link
voltage *DC, which is the amplitude of the applied square-
wave voltage. This is shown in Fig. 4(b), where a higher Δ�
occurs at a higher amplitude of the excitation voltage.

Just as for the current, the average flux and peak-to-peak
flux ripple are related to *bias and *DC respectively. However,
the resistance of the excitation winding, the saturation level
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Fig. 5: �̂, 5sw, modulation type and *DC/#e ratio effect on the total iron loss. Subfigure (a) emphasizes the influence of
modulation type on the loss increase. Subfigures (b) and (c) emphasize the effect of *DC/#e ratio, i.e. lower <a for the same
�̂, which was achieved with unipolar and bipolar modulation respectively.

and the iron loss determine the final values. The voltage
drop in the excitation winding leads to a decrease in the
average flux, while the losses in the core lead to a decrease
in the peak-to-peak ripple. For this reason, the amplitude of
*DC must be adjusted for each point of �bias to obtain a
constant parameter ΔΨ (Fig. 4 (a)). This adjustment is larger
for operating points in high saturation, since in this region the
current increases significantly and the iron loss increase as
well. Since the flux is proportional to the flux density, peak-
to-peak ripple of the flux defines the Δ� of the minor loop.
Comparing sub-figures Fig. 4 (b) and (c), it is clear that the
values of Δ� do not change for two different levels of �bias
and Δ�.

The fundamental frequency of �, Ψ and � is equal to the
switching frequency of the inverter. The switching frequency,
in conjunction with a certain Δ�, defines the d�dC of the minor
loop. In addition, different values of *bias define the �bias of
the core which can be determined using the known B-H curve
of the material and the �bias calculated from the average value
of the excitation current.

The AC ripple is generated only by PWM switching, so
power loss measurements under these conditions provide data
on the PWM contribution to the losses. The data are collected
relative to the parameters Δ�, d�dC , and �bias.

V. Discussion of results
The aim of this paper is to present the novel measurement

setup and methodology for obtaining the DC bias and to
discuss the preliminary results. In addition, the AC measure-
ment method was implemented to determine the individual
influence of the inverter PWM parameters on the total loss
and to compare the results with the very well known theory
and findings from other research papers. The comparison
of the measurement results provided the validation of the
proposed setup for performing PWM-induced loss measure-
ments. The surface plots are shown in Fig. 5, from which
almost all the effects of the PWM parameters on the total
losses can be seen. Each of the plots shows how the total

losses depend on the peak flux density �̂ and the inverter
switching frequency 5sw. In general, losses increase with �̂,
which is natural to expect. However, an interesting effect can
be observed just after the knee point of the B-H curve, when
a local maximum of the total losses occurs. The effect is most
pronounced for bipolar modulated excitation and at lower 5sw.
However, it is present in all cases. This is due to the maximum
PWM contribution to the losses in this region, which will
be discussed in more detail later in connection with the DC
bias measurements. Similar behavior is not observed for pure
sinusoidal excitation. Fig. 6 shows the PWM losses for the
case shown in Fig. 5(a) and the bipolar modulation, omitting
the dimension of 5sw. In this way, it can be seen more clearly
that the largest increase in losses occurs in the same region,
namely around �̂ ≈ 1.4 T. In any case, the losses reduce
with the increase of 5BF . The reduction is more pronounced at
lower 5sw, where the losses decrease exponentially, than later,

Fig. 6: Total AC loss in the core as a function of �̂ plotted for
different switching frequencies, bipolar modulation, *DC =
400 V and amplitude index modulation range of <a ∈ [0 1].
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TABLE II: DC bias measurement setup obtainable range and limitations considering Δ�, 5sw and d�
dC parameter

Obtained d�
dC values (T/ms)

fsw(kHz)
�H

5mT 7,5mT 10mT 12,5mT 15mT 20mT 25mT 30mT 40mT 50mT 100mT 200mT

2 0,04 0,06 0,08 0,1 0,12 0,16 0,2 0,4 0,8 (R)

4 0,04 0,06 0,08 0,1 0,12 0,16 0,2 0,24 0,32 0,4 0,8 (R) H

8 0,08 0,12 0,16 0,2 0,24 0,32 0,4 0,48 0,64 0,8 H

16 0,16 0,24 0,32 0,4 0,48 0,64 0,8 R R / H R / H

20 0,4 R R / H H

40 0,4 H R / H H

when this reduction asymptotically approaches a constant
value, which would be the losses under sinusoidal flux density
at a given fundamental frequency.

The comparison with regard to the influence of the
modulation type is shown in Fig 5 (a). Both plots were
obtained with the same *DC = 400 V and DC voltage-per-
turn ratio of *DC/#e = 1, showing the significant influence
of the modulation type on the losses. Furthermore, subfigures
(b) and (c) show the change in the influence of *DC/#e on
the total iron loss for unipolar (b) and bipolar (c) modulation.
Increasing this ratio forces <a to lower values for the same
�̂, therefore the total range of <a values is reduced. With
this reduction, the total losses increase especially for bipolar
modulation where an exponential increase is observed. Such
significant influence of the modulation type on iron loss
is due to the difference in the principle of output voltage
generation. While bipolar modulation uses only two fixed
output voltage values +*DC and −*DC, unipolar modulation
also uses zero output voltage. Thus, the ripple of an output
signal is significantly reduced and without voltage of opposite
polarity along the main loop.

No significant difference was observed in the measured
losses with respect to the *DC when the ratio of *DC/#e
is held constant, which is in agreement with the theory.
However, the capacitance of the excitation winding and
d*/dC increases with an increase in *DC. This leads to the
larger capacitive currents in the excitation winding, which
must be filtered out to avoid additional errors in the power
loss calculation. The maximum observed increase in losses
compared to the case with #e =100 was 0.8%, 1.5% and
1.8% for #e =200, 315 and 400 turns, respectively.

DC bias measurements obtain data of the PWM contribu-
tion to the total losses with respect to the parameters Δ�, d�dC
and �bias. Table II shows the combination of parameters for
which measurements were made. The Δ� parameters were
chosen in the extended range of expected flux density ripples
in electrical machines and 5sw as the expected typical values
of inverter switching frequencies. The number in each cell
represents a value of the d�

dC parameter for a given pair of
Δ� and 5sw. Although d�

dC is a new parameter that is fully

defined with the two already known parameters Δ� and 5sw,
it is chosen as the last parameter of the definition of the
PWM-induced loss contribution. The 5sw is directly related
to the d�dC , but according to the authors, it is physically more
accurate to define the effect on the losses as a function
of the rate of change of the flux density. Moreover, the
use of the parameter d�dC allows an easier classification of
the specific measurement and subsequent comparison of the
results: results can be plotted with respect to d�

dC , but not
with respect to 5sw, since for the two different values of Δ�,
the same rate of flux density change occurs at two different
values of switching frequency (Table II). Therefore, each cell
with a value has a background color: same color and shading
indicates the same d�dC parameter.

All measurements were performed in the �bias range of 0
- 1.8 T, except for Δ� >= 100 mT and d�dC = 0.8 T/ms, where
the maximum �bias of 1.6 T was reached due to the voltage
limitation of the setup. Achieving higher d�dC is possible for
any Δ� column, but with the reduction of the maximum �bias.
The range reduction limit for �bias = 1.8 T is denoted by R,
while the excessive heating limit for the air cooling system
is denoted by H.

Fig. 7 shows minor loops measured for several different
parameters. Subfigures (a) to (c) show the dependence of the
shape of the minor loops, the enclosed area, and the power
loss to the change of �bias, all for an unchanged Δ� value
of 25 mT, while subfigures (d) to (f) show the same but
for Δ� = 50 mT. The d�dC parameter varies in each subfigure
according to the curve color ( d�dC = 0.2 T/ms, d�dC = 0.4 T/ms).
From the comparison of subfigures (a) to (c) and (d) to (f) in
Fig. 7, it can be seen that there is a relation between power
losses and the value of �bias. Fig. 8 shows the character of this
relation. The power losses increase with �bias up to a certain
point in the saturation region, after which the losses start
to decrease and tend to a constant value, high in saturation
even slightly lower than at �bias = 0 T. The peak points of the
PWM contribution to the total losses and their corresponding
�bias value are marked for each plotted curve. It can be seen
that all these points fall within a relatively narrow range from
�bias = 1.36 T to �bias = 1.4 T, which averages out at �bias ≈
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Fig. 7: Minor loops shape, area and loss comparison in dependency of Δ�, d�dC and �bias parameters. Every plot contains two
curves in regards to the d�dC T/ms parameter: blue for d�dC = 0.2 T/ms and red for d�dC = 0.4 T/ms.

Fig. 8: PWM loss contribution change in correspondence to Δ�, d�dC and �bias parameters. Blue ( d�dC = 0.2 T/ms) and red
( d�dC = 0.4 T/ms) curves corresponds to the minor loops shown in Fig. 7

1.38 T for this particular magnetic material. Similar results
are also reported in [10] where the peak point of the losses
was reached at the same value of �bias ≈ 1.38 T.

Moreover, two curves on each subfigure, obtained with
different d�dC show the influence of this parameter on the
PWM contribution to the losses. The relation of the power
loss to the d�dC has an exponential character, which is shown
in Fig. 8 more clearly. The Δ� parameter, on the other
hand, is linearly co-dependent with the PWM contribution
to the losses, so that for the same �bias, as the parameter
Δ� increases, the PWM contribution to the losses increases

linearly. However, the slope of this linear co-dependence
changes as a function of the �bias. This effect can be observed
by comparing Fig.8 (a) and (b), where a measurable influence
of the Δ� parameter is visible at the points of maximum
PWM contribution to the losses, in contrast to the points in
high saturation, where almost no influence is left.

VI. Conclusion

A measurement setup is proposed to analyze the impact
of the PWM power supply on the total AC losses and to
filter out its contribution at specific operating points. Instead
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of a standard Epstein test setup, a ferromagnetic laminated
ring-core specimen was used. The key features that enabled
the required measurements to be made were the use of
a single excitation winding to achieve both DC bias and
flux ripple, and the use of an over-dimensioned SiC power-
stage as a stiff voltage source. Two modes of operation
have been implemented. The AC mode of operation allows
the determination of the individual influence of independent
parameters of standard single phase sinusoidal PWMs on the
total AC losses. In addition, the DC mode provides iron loss
data presented as a multidimensional array of the specific
iron loss values for each Δ�, d�dC and �bias value.

In terms of the excitation parameters and the values of DC
bias, d�dC , and Δ�, the measurement results using this setup
can be compared with the results of a research conducted
in [10]. According to this comparison, similar results are
obtained and the same effects of varying DC bias field
on PWM-induced losses can be observed. This serves as
a validation of the proposed novel measurement setup and
methodology. The use of the proposed setup is recommended
due to its simpler design, elimination of the problems with
separate DC excitation winding, use of more commonly
available components, and wide current and voltage ranges.
The setup allows measurement on cores of larger size, which
reduces the effect of laser cut and core non-uniformity on
measurement error.

It is expected that this ongoing research will lead to the
publication of further improvements to the methodology, e.g.
on techniques for compensating the current sensor phase de-
lay and various aspects of current control in DC measurement
method. In addition, impact of non uniform field distribution
and laser cut depth will be investigated through measurements
performed on several ring cores with various geometrical
parameters.

Assuming the inverter supply parameters are known for
each operating point of a given electrical machine, the current
ripple can be calculated using a nonlinear dynamic machine
model based on flux-current maps [21], [22]. Once the current
ripple is calculated, it is possible to perform a current-
driven transient FEA analysis, which leads to a detailed field
solution over the entire geometry and serves as input for
the loss calculation. Further research focuses on using data
from DC bias experiments as input to FEA simulations with
complex magnetic conditions, e.g. electric motor stator cores.
Combined with the fundamental AC harmonic excitation loss,
this would give a more accurate overall estimate of both
sinusoidal and PWM iron loss.
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