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Methodology and measurement setup for
determination of PWM influence on iron losses

Igor Sirotić, Member, IEEE, Marinko Kovačić, Member, IEEE and Stjepan Stipetić, Senior Member, IEEE

Abstract—This paper describes the procedure for the mea-
surement of iron loss under the pulse-width modulated (PWM)
power supply using ring specimen of the laminated soft-
magnetic core. The inverter used for generation of PWM supply
voltage was based on silicon-carbide technology in order to
reach high switching frequencies and the output voltage fidelity.
The research aim is to determine the influence of PWM and
inverter parameters to the core losses and to establish the
measurement procedure which would be used for generation
of measured data maps useful for electrical machine designers.

Index Terms—PWM, iron loss, ring core, core loss data,
measurement, switching frequency, inverter, SiC

NOMENCLATURE

usearch search winding voltage (V)
Nsearch number of turns in search (secondary, mea-

surement) winding
ifeed feed coil current (A)
Nfeed number of turns in feed (primaty, excitation)

winding
f1h fundamental harmonic frequency (Hz)
ma amplitude modulation index
UDC DC link voltage (V)
fsw switching frequency (Hz)
Ploss iron loss in laminated core (W)
Uh,amp hth voltage harmonic amplitude (V)
Ih,amp hth current harmonic amplitude (A)
Uh,pha hth voltage harmonic phase angle (rad)
Ih,pha hth current harmonic phase angle (rad)
AmpCh amplitude correction for current measurement

probe
PhaCh phase correction for current measurement

probe (rad)

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 share gets even larger: approximately
65% of the electricity which is used in industry is consumed
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by electric motors. The application of variable-speed drives
in industrial applications of electrical motors is nowadays
predominant. Furthermore, electric generators in modern
renewable energy applications, such as micro and small
hydropower applications, wind-power applications are almost
exclusively grid-connected through active front end power
converters.

A key role in the ongoing concerns to reduce energy
consumption is to improve the efficiency of electrical de-
vices, both in motoring and generating operation. Therefore,
electrical machine designers should use accurate loss data
of ferromagnetic materials. Typically, this data for magnetic
materials is available from the manufacturers’ datasheets or
database collections. This data is typically experimentally
determined with Epstein frame samples, single sheet testers,
ring-core samples, following international material character-
ization standards but using sinusoidal voltage waveforms.

With the transition from sinusoidal AC voltage supply
to PWM voltage supply, the losses in the magnetic circuit
of electrical motors and generators will be increased [2]–
[5] because current and voltage waveforms can be signifi-
cantly distorted from sinusoidal. This results in significant
fluctuation of flux density in electrical machines and then
additional iron losses. Therefore, a widely accepted and well-
proven PWM-induced iron loss prediction model is of utmost
importance for electrical machine designers, both in the scope
of loss minimization and thermal management. This means
that the iron loss and especially the PWM effect on iron
losses is essential not only for performance prediction of the
machines but also for the cooling system design.

II. RESEARCH MOTIVATION

This research was motivated by the lack of usable pub-
lished measured data for laminated steel materials. A ring
core (toroidal core) iron loss measurement system can serve
as a valuable tool for investigating the iron loss properties of
nonoriented soft magnetic material (e.g., silicon-iron lamina-
tion steel) for high excitation frequencies and even varying
DC-bias fields [6]–[9].

However, the electric machine design community still
does not have a widely accepted method to account for PWM-
induced losses during the design stage. Under the assumption
that DC bus voltage, amplitude modulation index and inverter
switching frequency are known for each operating point of a
certain electrical machine, it is possible to calculate current
ripple using nonlinear machine dynamic model based on flux-
current maps. Once that the current ripple is calculated, it
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is possible to perform current-driven transient FEA analysis
which will result in a detailed field solution over entire geom-
etry and serve as an input to the loss calculation. Our research
goal is to establish a measurement methodology for obtaining
widely useful measured data in form of multidimensional
gridded interpolant maps.

The paper is organized as follows. Section III presents
the basic theory on the origin of core losses and PWM
influence. A detailed explanation of power loss calculation
is given in Section IV. Measurement setup and measurement
methodology are presented in Section V and Section VI,
respectively, while the last two sections offer a discussion
of preliminary results and conclusion.

III. CORE LOSSES ORIGIN AND PWM INFLUENCE ON
CORE LOSSES

Ferromagnetic materials are often analyzed as a struc-
ture composed of unevenly shaped and sized domains. The
magnetization of such materials causes domains to rotate
in the direction of a forced magnetic field with intention
of aligning with it. Rotation of domains happens unevenly
and almost discretely in the terms of space and time and
this causes eddy currents in the domain walls. Those eddy
currents oppose the domain rotation and produce heat i.e.
losses in the material. This means that re-magnetization of
the core will not follow the same curve over one cycle, but
will form the shape of the hysteresis. The energy that needs
to be provided for re-magnetization of the core over one full
cycle of the alternating voltage is proportional to the core
volume and hysteresis loop area:

E =

∫
c

u(t)i(t)dt =

∫
c

dΨ

dt
H
`

N
dt =

∫
c

NSdB

dt
H
`

N
dt

= S`

∫
c

HdB = V

∫
c

HdB (1)

Hysteresis loop shape and area depends on the flux link-
age and current waveforms and frequency. The larger the
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Fig. 1. Core magnetization current and flux linkage half period waveforms.
Power supply is generated with bipolar PWM modulation at two different
switching frequencies: 4 kHz and 40 kHz. UDC = 100 V, ma = 1, f1h =
50 Hz.

frequency, the wider the hysteresis loop will be. Sinusoidal
PWM generated power supply results in flux linkage and
current waveforms such are shown in Fig. 1. The current
and flux linkage ripple will result in relatively small re-
magnetization cycles during the main one and small loops
will form along with the main hysteresis loop (Fig. 2). Thus,
the total area bounded with this loop is enlarged i.e. core
power loss is increased. The vertical width of the minor
loop depends on the flux linkage ripple and represents a
change in flux density dB, while horizontal width depends
on the current ripple and represents a change in magnetic
field strength dH .

Fig. 1 clearly shows the difference in current and flux
linkage waveforms which are the result of PWM generated
supply at two different switching frequencies: 4 kHz and 40
kHz. The increase of switching frequency will increase the
frequency of the current and flux linkage ripple, but it will
reduce their amplitudes. With higher ripple frequency, the
number of minor hysteresis loops will be larger but at the
same time area bounded with each minor loop will be smaller

Fig. 2. Hysteresis loops with PWM generated supply voltage at difference
switching frequencies. Loops correspond to the waveforms shown on Fig.
1.
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Fig. 3. UDC value impact on minor loops area (core losses) for unipolar
and bipolar type of modulation at fsw = 40 kHz
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Fig. 4. Comparison of different amplitude modulation index PWM
generated feed voltage waveforms. DC link voltage remains unchanged while
Nfeed changes to ensure equal magnetic conditions in the core.

since the peak to peak ripple is reduced (Fig. 2). Minor loops
area is the largest at and around the knee of the magnetization
curve of material, where flux linkage to current ripple ratio
has the greatest effect on forming minor loops. For example,
when a material is highly saturated, dH of the loop is large,
but dB is small, so even though current ripple is high and
the minor loop has a large width, it is very flattened since
the core is saturated and it does not contribute much to the
total power loss increase.

DC link voltage also affects peak to peak ripple since it
defines the slope of the magnetic flux linkage and thus the
amplitude of the ripple. By changing the DC link voltage
value, the area bounded with minor loops (Fig. 3) will
change. This effect is even more pronounced when using
bipolar sinusoidal modulation since unipolar sinusoidal mod-
ulation applies zero voltage segments that result in small flux
linkage change.

Keeping DC link voltage unchanged, equal magnetic
conditions in the core can be achieved with different numbers
of feed winding turns and amplitude modulation indexes. For
example, similar magnetic conditions to those in Fig. 1, could
have been achieved with UDC = 100 V, Nfeed1/Nfeed2 = 4
and ma ≈ 0.25 as well. However, feed voltage waveforms
will not be the same for both cases since the width of
PWM impulses changes with ma (Fig. 4). Flux linkage
waveform median stays unchanged but flux linkage ripple
will be different and this will influence on the size of minor
hysteresis loops i.e. core power loss.

To summarize, the PWM power supply will increase core
power loss when compared to the sinusoidal AC supply.
DC link voltage, switching frequency, modulation type and
amplitude modulation index are the inverter parameters that
influence core power loss.

IV. CALCULATION OF POWER LOSS

In section III, it was stated that the core power loss is
proportional to the area bounded with B−H hysteresis loop
and core volume and it is calculated as stated in expression
2.

Ploss = V · f1h
∫
c

HdB (2)

Flux density B and magnetic field strength H are related to
flux linkage and current respectively by means of geometric
parameters of the core.

Thus, the precise determination of ring core dimensions
is necessary for power loss calculation. If the toroid used for
measurements is uniform, and according to [10] is if

douter − dinner < douter/5 (3)

then length of the core is calculated as mean diameter of
toroid and cross section is determined geometrically. How-
ever, if toroid is considered as non-uniform, effective core
dimensions le and Se have to be determined [11], [12].
Effective dimensions calibrate behaviour of the real core to
behave as an ideal one. According to [11], which was later
adopted as still actual IEC standard [13], effective dimensions
of toroidal core with rectangular cross section are calculated
as:

Se =
C1

C2
, le =

C2
1

C2
(4)

where C1 and C2 are

C1 =
2π

h ln (
douter
dinner

)

(5)

C2 =
4π(

1

dinner
− 1

douter
)

h2 ln 3(
douter
dinner

)

. (6)

Usage of effective core dimensions for core analysis is limited
to low flux linkage densities i.e. material has to approximately
obey Raleigh-Peterson relations [11]. Even if that is the
case or even if the core can be classified as uniform, using
geometric parameters in power loss calculations is adding
additional measurement uncertainty.

Since geometric parameters are used to obtain B and
H values from flux linkage and current, observing Ψ-I
(flux linkage - current) loop allows to calculate the power
losses the same way, from loop area, but without including
geometric parameters of the core:

Ploss = f1h

∫
c

IdΨ, Ψ =

∫
u(t)dt (7)

Still, there may be some problems with this method since
flux linkage is calculated as integral of the measured voltage
signal. This can introduce phase delay to flux linkage.

To avoid both core geometric parameters and integration
delay influence on power loss calculation, losses can be
calculated by using measured signals of feed current and
search winding voltage. Search winding voltage instead of
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feed winding voltage is used for calculations to eliminate
feed winding generated losses and thus avoiding problems
with winding loss calculations. Separating winding losses
apart from core losses would be difficult and prone to errors
due to high harmonic content current and skin and proximity
effects. Power loss is then calculated as an average value of
total apparent power used for core magnetization:

Ploss = k
1

T

∫ T

0

usearch(t)ifeed(t)dt. (8)

Power loss is calculated using search winding induced volt-
age, therefore integral in expression (8) has to be multiplied
with feed to search winding turns ratio to get correct total
core losses. Also, usually core losses are stated per unit of
weight, so finally factor k from (8) is stated as:

k =
Nfeed

Nsearch
· 1

m
. (9)

When two AC signals are being multiplied, the phase
shift between the two of them greatly affects the result. A
slight error in phase shift could significantly change the final
result, especially when phase shift approaches π/2 radians
which happens in this case when most of the current is
used for magnetization of the core. Thus, the phase shift
between voltage and current has to be precisely determined
and corrections, if any, must be taken into the account.

Current transducers introduce phase delay in measured
current signals, especially at higher signal frequencies. Phase
delay characteristics in dependence of measured current fre-
quency need to be determined i.e. current transducer needs
to be calibrated. One way of making those calibrations is
comparing phase shifts of two measurements of the same
current, one measured with current transducer and other
using low inductance shunt. Measured current has to be
a continuous signal with only one harmonic component
at a frequency at which phase delay is to be determined.
Also, certain amplitude attenuation occurs when using current
transducers, so those corrections need to be taken into the
account as well.

Data acquisition equipment can also introduce a certain
phase delay on measured signals. This would be unimportant
in this case if both of the signals, voltage and current, are
delayed equally. However, it will depend on the bandwidth
of the channels, synchronization of A/D conversion and
digital filtering. The phase shift of the same signal needs
to be determined for the channels that are to be used later
for power loss calculations, and those corrections need to
be added up with current probe corrections. Another way
would be to use the same two channels for calibration of
the current transducer itself and then use those results as
they are. One must keep in mind then that those determined
calibrations are not that one of a current transducer but of
this specific measurement system. Core magnetization current
is harmonically significantly distorted, especially when the
core starts to saturate. Also, it will have a certain amount
of harmonic content at the switching frequency and its
multiples which cannot be disregarded. So, current phase

delay corrections have to be introduced throughout the whole
frequency range. Since transducer and DAQ phase delay is
determined depending on frequency, power losses have to be
calculated in the frequency domain as well so that it would
be possible to take those corrections into the account.

Fast Fourier transform (FFT) is used to transform search
winding voltage and feed current to series of Fourier ampli-
tude and phase coefficients. Each harmonic contribution to
the power loss is then calculated separately and phase and
amplitude corrections are taken into the account. Total real
power is then the sum of all of the calculated real power at
each harmonic frequency:

Ploss = k ·
n∑

h=1

0.5 · Uh,amp ·
Ih,amp

AmpCh
·

· cos(Uh,pha − Ih,pha − PhaCh), (10)

where Uh,amp and Ih,amp are voltage and current amplitudes
of hth harmonic and Uh,pha and Ih,pha voltage and current
phase of hth harmonic. AmpCh and PhaCh are amplitude
and phase delay corrections of the hth harmonic for the DAQ
system and transducer used for measurements.

V. MEASUREMENT SETUP

Custom setup is built to determine PWM generated power
supply influence on iron losses in the core. As stated in
section III such power supply increases total power loss in the
core, however, depending on PWM and inverter parameters
contribution to the losses changes. The effects of those
parameters are being determined using the proposed measure-
ment setup (Fig. 5). The setup consists of the controllable DC
power supply, one phase full bridge inverter, control board,
laminated ring core and data acquisition system (Fig. 6).
Component parameters of measurement setup are shown in
table I.

A. DC power supply

DC power supply is connected to the power grid and is
used for feeding inverter DC link with stable DC voltage of
desired value. It is supplying the system with active power
only to cover the system losses since the magnetizing current
is interchanging between two branches of the inverter.

Steady, constant DC power supply of inverter DC link
voltage is crucial when determining power loss characteristics
of material since a slight change in voltage value can result
in significant changes in calculated power loss. Using passive
AC/DC converters is not an option since voltage fluctuations
of mains power supply will affect the result.

Also, in states of high saturation of the core, high ripple
current is drawn from the inverter DC link and this affects
the instantaneous value of DC link voltage. Increasing ca-
pacitance in the inverter DC link is crucial to minimize DC
link voltage ripple which will affect power loss calculation
accuracy. Thus, the capacitance bank is added in this mea-
surement setup (Fig. 6).
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To summarize, when building the setup for this measure-
ment, the power supply must have a steady average DC link
voltage value and ripple must be kept as small as possible. If
one fails to provide these conditions, the results will deviate
and, what is more important, they will be unrepeatable.

B. Inverter

The inverter is used for feeding the ring core under
test with PWM power supply resulting in different voltage
RMS values, fundamental harmonic frequencies and PWM
frequencies.

Power switches in the inverter are based on Silicon
Carbide (SiC) technology which gives this setup wide opera-
tional possibilities regarding switching frequency, dead-time
minimization, lack of a knee voltage of the active switch
and conduction of MOS-FET in the third quadrant. All of
these properties of the SiC power module are important when
generating high-fidelity and rigid voltage at the feed coil.

The inverter control board is based on Texas instru-
ments TMS320F28379D digital signal processor (DSP). Its
main task is to generate PWM signals for various types of
modulation for injection into the feed coil. Feed current is
monitored by DSP using ABB ES1000F 1 kA, 100 kHz
current transducer. The extra safety feature is implemented
on the board which stops inverter switching if set. AC mode
of operation is implemented and is used for generating classic
alternating PWM output voltage.

Fig. 5. Measurement setup photo

TABLE I
MEASUREMENT SETUP PARAMETERS

Part Parameter Value

In
ve

rt
er

Power modules Cree CAS300M12BM2

Switching freq. 2 - 40 kHz

DC link voltage 0 - 400 VDC

DC link capacit. Cmain = 1000µF, Cbank = 14 mF

C
or

e

Material M400-50A

Diameter douter = 220 mm, dinner = 160 mm

Height, Stacking 65 mm, 0.977

Weight 8.7 kg

M
ea

s.
eq

. DAQ system DeweSoft Sirius HS (1MHz)

Current trans. 1 LEM Ultrastab IT700, 700A pk, 100kHz

Current trans. 2 Hitec MACC plus, 600A pk 800kHz

Current probe LEM PR50, 5/50A peak, 50MHz

C. Ring core and windings

Ring core used for testing is made of laminated M400-
50A steel rings that were stacked using the backlack method.

Two windings are wound around the core: feed and search
winding. Search winding is placed underneath feed winding
as close as possible to the core in one single layer. Feed
winding is used for magnetization of the core and search
winding is used for measuring core flux linkage.

For a wide range of UDC and f1h or if substantially high
B needs to be achieved, the core will have to be rewound in
between some of the conducted experiments with different
feed windings in the terms of a number of turns and wire
cross-section. Search winding remains the same throughout
all of the experiments and equals N = 20 turns.

To enable measurement of the impact of switching
frequency, amplitude modulation index and DC link volt-
age on the losses, a feed winding was composed of four
N = 100 turn windings uniformly distributed in two layers
around the core. Wire with 0.5 mm2 cross-section was used.
Windings can be combined in series or parallel connections,
enabling four different feed winding combinations with N =
100, 200, 300 or 400 turns. The maximum peak core flux
density achieved in such conditions was up to B = 1.75 T at
f1h = 50 Hz. Further maximum peak flux density increase
is yet to be tested. It is expected to be possible to reach
B = 2 T.

An increase of f1h will linearly reduce peak flux density
if all of the other parameters stay unchanged. Since this
measurement setup is limited with UDC = 400 V, the only
way to significantly increase the first harmonic frequency
with no change to peak flux density is to reduce the number
of feed winding turns. So, for purpose of determining first
harmonic frequency effects on losses, two windings with
N = 15 and N = 30 turns were uniformly wounded around
the core with the help of custom made coil former (Fig. 7).
High frequency 6 mm2 litz wire was used to reduce the effect
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Fig. 6. Measurement setup block shematics

of the AC component on the winding loss. Combinations with
N = 15, 30 and 45 could have been achieved. The maximum
peak core flux density achieved in such conditions was up to
B = 1.7 T at f1h = 1 kHz. Further first harmonic increase is
yet to be tested. Reaching f1h = 1.25 kHz is expected with
no change at a maximum peak flux density of B = 1.7 T
after which maximum peak flux density will be decreasing.

D. DAQ system

Feed and search winding voltage, inverter DC link voltage
and feed winding current are being measured by and are
analyzed in DAQ system. Core temperature is also monitored
at three different positions of the core. Sampling rate of
voltage and current channels is set to fsample = 1 MHz and
100 kHz low-pass digital filters are configured at the channel
inputs.

Fig. 7. Ring core with coil former and high frequency litz wire windings

VI. MEASUREMENT METHODOLOGY

AC mode of operation is designed in such a way to
enable setting different output voltage RMS values by means
of changing amplitude modulation index. The measurement
procedure is implemented in the control board algorithm, so
after initial experiment parameters are entered, the experi-
ment is carried out automatically. In order to reduce or avoid
the effect of DC bias of the core the following measures are
implemented. The core is first excited to the maximum flux
density (well into the saturation area) and held on at that point
for a while to reach a steady state. Then, the flux density is
being reduced in steps of desired resolution with slow down
ramping between two flux density values, always leaving a
few seconds to allow settling. Measuring from lower flux
density states to higher could result in wrong calculations
since some DC bias may reside 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 result in some DC bias errors. Setup must be
built in such a way to be able to thermally endure throughout
the experiment in a single shot. Signal samples are taken
for each resolution step of flux density in the duration of at
least 10 periods of first harmonic frequency to ensure better
FFT post-processing frequency resolution. Core losses are
non-linear in the whole range of magnetic characteristics, so
equal step resolution is used both in the range of linear and
non-linear area.

The determination of fundamental harmonic, switching
frequency and modulation type influence on losses is straight-
forward. Experiments are carried out for several switching
frequencies in the 2 − 40 kHz range and both unipolar
and bipolar type of modulation while keeping all of the
other parameters unchanged. Experiments are repeated for
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different sets of UDC values while keeping ma unchanged:
Nfeed changes accordingly. Furthermore, experiments above
are repeated with different f1h values.

A. DC link voltage value impact

When determining the impact of the UDC value on core
loss, one must make sure to keep all the other influencing
variables unchanged. Equal magnetic condition (H1 = H2)
have to be achieved with identical ma. So, with increasing
UDC , Nfeed has to be increased accordingly. The relation
between the two is linear. Thus, effect of UDC on losses
is isolated of ma. During this test, it is very important to
keep winding losses (11) approximately unchanged. Other-
wise, a different peak H values will be achieved and result
comparison will not possible. So, number of turns and cross-
sections of windings must be combined in such a way to
ensure no or minimal change in winding power loss (11) i.e.
condition in (12) must be fulfilled. Otherwise, corrections
must be introduced.

PwLoss = I2 ·R (11)

PwLoss1 ≈ PwLoss2 (12)

B. Amplitude modulation index impact

To single out ma impact on the core loss, equal magnetic
conditions (H1 = H2) have to be obtained with several
different values of ma. This can be achieved by keeping
UDC unchanged while reducing the number of turns of the
feed winding. Reducing Nfeed reduces reactance X (13)
so with UDC unchanged, the current will increase. At the
same time, reducing Nfeed reduces H since they are in
direct linear dependence (14). However, since X is square
dependant to the Nfeed, ma reduction is necessary to ensure
that H1 = H2. Repeating experiment for several different
Nfeed and ma combinations will result in ma impact on the
core losses.

X = 2πfL = 2πfµ
S

`
N2 (13)

H =
I

`
N (14)

Methodology is designed in such way to analyze ma impact
on the core loss in region of linear UDC to ma dependence.
Overmodulation effects on the core loss have not yet be
examined but it will be considered in further research.

VII. DISCUSSION OF PRELIMINARY RESULTS

This project is still ongoing so the aim of this paper
was to present the measurement setup, methodology and the
preliminary results. Fig. 8 shows core power loss surface fits
for values of UDC = 100 V and UDC = 400 V which were
achieved with ma = 1 and ma = 0.25 respectively and
unipolar modulation type. Surface fits shown were fitted out
of the measured data at fsw = 2, 4, 8, 12, 16, 20, 30 and 40
kHz and with 40 linearly distributed values of ma between

Fig. 8. Core iron losses for Ψ = 0-66 mWb (which corresponds to
approximately B = 0-1.75 T, fsw = 2-40 kHz and UDC = 100, 400V.
Unipolar type of modulation was used.

Fig. 9. Core iron losses for Ψ = 0-66 mWb (which corresponds to
approximately B = 0-1.75 T, fsw = 2-40 kHz and UDC = 100, 400
V. Bipolar type of modulation was used.

0 < ma < 1 for UDC = 100 V and 0 < ma < 0.25 for
UDC = 400 V.

Right curve shows a combined effect of UDC value
increase and significant ma reduction. Larger UDC results
in larger ∆Ψ) i.e. ∆B). Reducing ma towards zero unifies
the width of PWM impulses thus enabling a larger impact
of UDC on flux waveform. So, both of the parameters define
flux linkage ripple in the core i.e. minor loops area.

Fig. 9 shows the same as Fig. 8 but for bipolar modulation
type. All effects to the core losses are more pronounced with
bipolar modulation type since dUDC is doubled with respect
to the unipolar modulation for every PWM impulse.

At lower UDC values and higher ma values, PWM impact
on core losses is reduced so fsw increase the effect on
loss reduction is almost unnoticeable, especially for unipolar
modulation. However, curves on the right-hand side subfig-
ures for both modulation types clearly show loss reduction
with the increase of fsw. The effect is more pronounced in
fsw = 2−8 kHz area where nonlinear exponential reduction
can be observed while later dependence is almost linear and
with much less effect to the losses.

VIII. CONCLUSION

Using PWM supply instead of sinusoidal AC power
supply results in core loss increase. Inverter and PWM
parameters such as semiconductor type, UDC , ma, fsw and
modulation type have a measurable influence on the increase.
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Power loss is calculated as a product of measured voltage
and current wave-forms. Furthermore, power loss is calcu-
lated in the frequency domain to allow current measurement
phase delay corrections which are induced with the DAQ
system and current transducer.

Preliminary results show the possibility to express the
losses in dependence of switching frequency, amplitude mod-
ulation index, DC voltage and flux linkage (or flux or flux
density) in the core. The next step is to define and implement
the operation with arbitrary DC bias. The further research
plan is to define loss maps that are dependant on the DC
magnetization, ∆Ψ and flux derivation in such way that the
electrical machine designers can use them to estimate PWM
influence on core loss.
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Igor Sirotić was born in Zagreb, Croatia. He received m.sc. degree in
electrical engineering from the University of Zagreb, Croatia, in 2011.
Currently he is an Assistant at the University of Zagreb Faculty of Electrical
Engineering and Computing, Department of Electrical Machines Drives and
Automation, Croatia where his research activities are related to inverter fed
drives.

Marinko Kovačić was born in Split, Croatia. He received Dipl. Eng. and
Ph.D. degrees in electrical engineering from the University of Zagreb, Croa-
tia, in 2009 and 2017, respectively. Currently he is an Assistant Professor at
the University of Zagreb Faculty of Electrical Engineering and Computing,
Department of Electrical Machines Drives and Automation, Croatia. His
research interests include multilevel power converter topologies, power
electronics control systems and modeling of electromagnetic components.
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