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Abstract— The aim of this work is to present the evolution of 
the specific iron losses concept, in light of the introduction of the 
power converted supply, introduced in the 80s and currently a 
standard in the electrical machines’ supplies. This paper deals 
with the evolution for the iron losses. It is focused on the main 
differences introduced by the power converter on the magnetic 
and energetic quantities, with respect to the traditional 
sinusoidal sources and their effects on the soft magnetic material 
and the related iron losses. 

Keywords—iron losses, hysteresis and eddy current losses, 
inverter supply 

I. INTRODUCTION 
Starting from the first years of the 80s, the request of speed 

and torque control in AC motors has been the starting point of 
a revolution in the use of power static converters as AC motor 
power supply. These AC supplies, known with the name of 
inverter, produce a voltage waveform completely different 
from the classical sinusoidal one. As a consequence, the use 
of static converters leads to a loss increase, both in the 
windings and in the magnetic core of the AC motors. The 
electrical machines scientific community started with detailed 
research focused on understanding the increase of the losses 
and their link with the inverter typologies. In particular, due to 
the complexity of the iron losses in soft magnetic material, the 
researchers focused their interest on the iron loss increase due 
to inverter supply, for better understand what happen in the 
soft magnetic materials, normally used in AC motors, when 
the magnetic flux density is produced by the classical inverter 
voltages. The arising problem were a shock in the physicist 
scientific community used to consider sinusoidal flux density 
only. The first papers on that issue were published in the first 
years of 90s [1]-[5]. In these papers, in addition to the iron loss 
increase analysis, the determination the reference magnetic 
quantities to be used, with non-sinusoidal voltage supply, was 
discussed as well. In this paper, the evolution of these 
researches focused on the iron losses due to the inverter supply 
will be presented and the results will be summarized. 

II. MAGNETIC QUANTITIES 
As it is well known, the International Standards define the 

specific iron losses referred to the peak of the sinusoidal flux 
density because the voltage supply and consequently the flux 
density are sinusoidal waveforms in the time. Moving to 
inverter supply or in general to non-sinusoidal supply, the 
right reference magnetic quantities must be chosen in order to 

allow a fair comparison of the iron losses with different type 
of voltage supply. Using a non-sinusoidal supply, it is possible 
to define several flux density values to relate the magnetic and 
energetic quantities (for example, magnetic losses). Two flux 
density values seem to be the most significant: 

- Bx is the peak value of the flux density waveform (valid 
for alternating waveform only); 

- Bfund is the peak value of the first harmonic flux density 
(known if the voltage fundamental harmonic of the 
supply source is measurable).  

The two fluxes can be computed using the following 
equations: 
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where Vave is the average rectified value of the voltage source; 
Vfund is the fundamental harmonic RMS value of the voltage 
source; N is the number of turns; S is the cross-section of the 
magnetic circuit; T is the period of the voltage source 
waveform; f is the frequency of the voltage source waveform. 

The voltage values in (1) and (2) can be measured using 
instrumentation suitable for measurements of distorted 
waveforms produced by static supplies. The modern power-
meters or Transient Recorder and Data Acquisition System 
allow the measurement of these quantities in simple way and 
with a very high accuracy. With sinusoidal supply the two flux 
densities defined by (1) and (2) are identical, however using 
strongly distorted supply voltage the two quantities can have 
quite different values, preventing the correct comparison of 
the magnetic and energetic quantities such as the iron losses. 
The experimental results presented in [6] have shown that the 
two reference magnetic quantities lead to different values of 
the specific iron losses. Due to the presence of saturation 
phenomena, in all the practical applications concerning 
electromechanical devices, the peak value of the magnetic 
quantities is always utilized. Consequently, this value can be 
considered valid for inverter waveforms, too. The authors' 
opinion is that the fundamental flux peak density can be used 
as a reference magnetic quantity. In particular, this choice 
matches with the traditional choice made by electromagnetic 
and electromechanical designers who use the peak value of 
first harmonic flux density as main reference magnetic 
quantity during the design stage. It is interesting that this 
choice has been adopted by other researchers as well [7]. 



   
a) 

 
b) 

Fig. 1. Voltage waveforms [6]: a) six-step, b) PWM. 

III. INVERTER TYPOLOGIES 
Before talking about the iron losses with inverter supply, 

it is important to define the inverter typologies used to supply 
AC motors in electrical drives. From the historic point of 
view, the first inverter used in electrical drives was the square 
wave or six-step inverter. Fig. 1a shows the three phase line 
voltage produced by a six-step inverter. This inverter does not 
require high switching performances and the classical power 
BJT components could be used without critical problems. The 
harmonics components of the output line voltage are due to all 
the odd harmonics with the exception of the third harmonic 
and its odd multipliers (3, 9, 15, ...). The main drawback of the 
six-step inverter was the production of significant torque 
ripple, due to the presence of low order harmonics torque, not 
always acceptable by the mechanical load. Currently this 
inverter is still used when a very high output frequency is 
requested, or a very high output power is demanded. The 
evolution of the power electronic led to new power switches 
ever more performing in terms of voltage, current and 
switching frequency. Currently, modern power components 
based on IGBT, SiC, and GaN technologies can work with 
switching frequencies of tens and tens kHz. This evolution 
allowed the introduction of a new inverter typology based on 
the pulse width modulation or PWM inverter, solving the 
drawback of the six-step inverter. In fact, the PWM inverters 
harmonic content is only due to high frequency harmonics 
which are produced by the modulation technique. Fig. 1b 
shows the classical line voltage produced by a PWM supply. 

Comparing six-step and PWM inverter, it is important to 
highlight the following points. A six-step inverter output 
waveform is completely defined by its voltage amplitude and 
fundamental output frequency. On the contrary, a PWM 
inverter output waveform depends on several parameters, such 
as the modulation waveform, the switching frequency fs, the 
modulation index m, etc. For this reason, the influence of the 
PWM inverter parameters on the iron losses increment must 
be considered.  

 
a) 

 
b) 

Fig. 2. Specific iron losses with sinusoidal, six-step and PWM supply [1]: 
a) amorphous material, b) high-quality grain-oriented material. 

A proposal for defining a standard methodology for 
measuring iron losses with PWM supply was presented for the 
first time in [8] and [9]. 

IV. EXPERIMENTAL RESULTS 
Based on the previous considerations, experimental results 

were obtained on wound toroidal cores realized with different 
magnetic material typologies. The first analysis was focused 
on a comparison of the specific iron losses with sinusoidal, 
six-step and PWM inverters. In Fig. 2, the results obtained on 
amorphous a) and grain-oriented magnetic materials b) are 
shown. The results put in evidence that the specific iron loss 
differences between sinusoidal and six-step supply can be 
considered negligible and consequently, the magnetic 
materials energetic behavior is not worsened by six-step 
inverter supply. In fact, despite the distorted voltage 
waveform, the flux inside the core does not present high 
harmonic contents, as shown in Fig. 3a. On the other contrary, 
the increase of the specific iron losses with PWM supply is 
well evident. With an increase of 42% in the amorphous 
material sample and about 100% in the grain-oriented steel 
one related to the sinusoidal supply. The PWM supply 
requires a detailed analysis to understand the reason for this 
increase. Fig. 3b shows the flux inside the core and the current 
with PWM supply. The flux is very similar to that with 
sinusoidal supply with a small ripple due to the modulation. 
On the other hand, the absorbed current is not sinusoidal, and 
several spikes are distributed all over the waveform.  

In order to have a fair comparison, Fig. 3c shows the same 
quantities with a sinusoidal supply with the same magnetic 
stress conditions. The comparison between the two cases leads 
to conclude that the spikes are not linked to the core flux 
changes. In fact, similar, spikes are not present in the flux 
waveform. Therefore, the spikes can be due only to the eddy 
currents effects inside the magnetic material. 



 
a) 

 
b) 
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Fig. 3. Core flux and voltage [1]: a) six-step supply, b) PWM supply, c) 
sinusoidal supply. 

Furthermore, it is possible to conclude that the heavy iron 
loss increase in the case of PWM supply has to be attributed 
only to the eddy-current-loss increment inside the iron core. 
As a final remark, in order to confirm this statement, the iron-
loss increase in the amorphous material core is reduced with 
respect to the iron loss increase in the high-quality grain-
oriented steel. As previously discussed, the effects of the 
PWM inverter characteristics on the iron losses, have been 
subsequently analyzed. To corroborate the importance of the 
topic, parallel researches have been developed both in Europe 
and in USA as summarized in [11] leading to very similar 
results. 

A. Modulation Index “m” 
In a PWM inverter, the amplitude of the output voltage can 

be changed thank the variation of the modulation “m”. The 
modulation index m is defined as the ratio between the 
amplitude of the modulating waveform and carrier 
waveforms. The variation of the modulation index allows to 
change the duty cycle of each pulse getting a modification of 
the amplitude of the output first harmonic voltage.  

 
Fig. 4. Specific iron losses versus different modulation index "m" [10]. 

 
Fig. 5. Specific iron losses versus different switching frequency “fs” [10]. 

For better understand how the modulation index works, a 
modulation index equal to zero produces output pulses with a 
duty cycle equal to 50% corresponding to an output voltage 
equal to zero, but at the same time since the output pulses are 
produced and they stress the load both from the electrical and 
magnetic point of view. As shown in Fig 4, the modulation 
index "m" influences in heavy way the specific losses [10]. A 
reduction of the modulation index corresponds to an increase 
of the specific iron losses. Since the iron losses will be 
dependent on the modulation index, lower iron losses can be 
obtained producing the same fundamental voltage with higher 
modulation index. This solution can be implemented in 
electrical drives for fluid processing as discussed in [12] 
where a detail description of the requested power converter is 
reported. 

B. Switching Frequency “fs” 
Even if at first glance, the switching frequency might seem 

an inverter parameter that strongly influence the iron losses, 
the experimental results have shown that this is not true. As 
shown in Fig. 5, the switching frequency does not influence 
the iron losses (for the usual thickness of industrial iron sheets) 
if frequencies higher than 3-4 kHz are employed. Considering 
that nowadays the inverters have switching frequencies higher 
than 5 kHz, the iron losses can be considered invariant with 
the switching frequency [13]. 

C. Modulation Waveform 
In order to increase the output first harmonics, PWM 

inverters use different modulation waveforms or different 
modulation techniques. With reference to analog modulation 
techniques, sinusoidal, sinusoidal plus third harmonic or plus 
triangular waveform, space-vector are the most used 
modulation waveforms.  



 
Fig. 6. Specific iron losses versus different modulating waveforms [9]. 

 
Fig. 7. Specific iron losses versus different dead-time [14]. 

In digital modulation techniques, the equivalent waveform 
can be led back to the same analogue waveforms. 
Experimental results show that modulation waveform does 
not influence the specific losses, as shown in Fig. 6. As a 
consequence, the modulation technique can be considered 
invariant with respect to the iron losses. 

D. Dead-Time 
To avoid the short circuit, across the DC bus of the 

inverter, a short delay called dead-time is introduced between 
the upper and lower switching signals of each leg. Therefore, 
both the switches of the inverter leg are off during the 
deadtime intervals. The influence of the dead-time on the iron 
losses, have been analyzed in more recent time in [14]. Fig. 7 
shows that at constant modulation index the iron losses 
increases with the dead-time increase. 

V. AC MOTOR ASSESSMENT 
In the previous sections, the effects on magnetic materials 

due to inverter supply have been analyzed using toroidal 
samples. In order to verify the validity of the obtained results, 
the effects of inverter supply have been analyzed on induction 
motors as well [15]. It is well known that the measurements of 
the iron losses in induction motor requires an approach based 
on the balance of the loss contribution when the motor is 
working in no-load conditions as defined by equation (3) and 
used by the International Standards. 

 no load iron cu sta cu rot mechP P P P P       (3) 

In (3), Pno-load is the total no-load input power; Piron are the iron 
losses; Pcu-sta are the stator windings copper losses; Pcu-rot are 
the rotor windings copper losses; Pmech are the mechanical 
losses.  

In order to increase the accuracy in the determination of 
the iron losses a  specific  induction  motor  prototype has been 

 
Fig. 8. Test bench for induction motor iron losses determination [16]. 

 
Fig. 9. Induction motor iron losses [16]: comparison with sinusoidal, six-
step and PWM inverters. 

realized. In particular, to overcome the problems related to 
mechanical and rotor copper losses the authors proposed an 
unconventional test bench, composed by a common induction 
motor stator with three phase windings and a slotless rotor 
instead of the standard one [16]. The used test bench is shown 
in Fig. 8. 

The rotor was realized as a laminated cylinder composed 
of magnetic sheets taken out from the motor production line 
before the operation of rotor slots cutting. The obtained 
structure has the same outer diameter and is composed of the 
same material as that of a standard induction motor rotor. If 
such an experimental device is supplied, the rotor is not able 
to start and to rotate by itself, but it has to be put into rotation 
by connecting it mechanically to an external motor. In order 
to keep the rotor at the synchronous speed, a synchronous 
motor with the same poles pair of the test device stator 
windings was employed. If the two machines are supplied at 
the same frequency, both rotors are forced to rotate at 
synchronous speed; thus, a no-load test, at synchronous speed, 
can be performed. Using the proposed test bench, the 
mechanical losses and the Joule rotor losses are zero, and the 
iron losses item can be computed as: 

 iron no load cu staP P P    (4) 

Tests with sinusoidal and inverter supply have been 
performed, following the same criteria used for the toroidal 
samples. The obtained results are shown in the following 
figures. Fig. 9 shows the comparison of the iron losses with 
sinusoidal, six-step and PWM inverter supply. Fig. 10 
presents the variation of the iron losses depending on the 
modulation indexes. Fig. 11 shows the variation of the iron 
losses with the switching frequency, while Fig. 12 shows the 
variation of the iron losses depending on the modulation 
waveform. 

The analysis of the results shown in the previous figures 
confirms the results obtained on the toroidal sample. In 
particular, the modulation index plays an important role on the 
motor iron losses.  



 
Fig. 10. Induction motor iron losses at different modulation indexes [15]. 

 
Fig. 11. Induction motor iron losses at different switching frequencies [15]. 

 
Fig. 12. Induction motor iron losses at different modulating waveforms [15]. 

As a consequence, in order to reduce the iron losses, it is 
better to operate with the highest allowed modulation index. 
In particular, for applications where the energetic 
performances are important in comparison with the dynamic 
ones, the use of inverters with fixed and high modulation 
index and variable DC bus voltage can be considered as a 
suitable solution [12]. The switching frequency is not so 
important from the iron losses point of view. In particular, 
with the switching frequency increase, a small reduction of the 
core losses can be obtained. The modulation function 
waveform is not an important factor in the increase in iron 
loss. 

VI. PREDICTION OF THE IRON LOSSES 
WITH INVERTER SUPPLY 

The analysis of the effects of the inverter supply on the 
iron losses is still a popular research topic, taking into account 
other phenomena such as the hysteresis minor loops that 
introduce an increase of the hysteresis losses. It is interesting 
to underline that the results confirmed those obtained in the 
previous   decade   [17]-[19].  In   the   90s,   the   focus  of  the 

 
Fig. 13. Comparison between the measured and the predicted PWM losses 
for 5.7 W/kg 0.5 mm lamination. 

 
Fig. 14. Comparison between the measured and the predicted PWM losses 
for 2.7 W/kg 0.35 mm lamination. 

researchers moved to the prediction of the iron with inverter 
supply [20]-[28]. The proposed approaches started from the 
iron loss model proposed by Bertotti in 1985 [29]. In [23] and 
[24], the authors proposed a method based on separating the 
iron losses in the hysteresis and the eddy currents contribution 
modified on the base of voltage distortion coefficients. An 
arbitrary alternate supply voltage can be characterized by 
means of the following two parameters: 

 
,

av

av fund

V
V
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where Vav is the mean value of the rectified voltage; Vav,fund is 
the mean value of the rectified fundamental voltage; Vrms is the 
voltage RMS value; Vrms,fund is the RMS value of the 
fundamental voltage. This way, the iron losses Pir with an 
arbitrary waveform can be written as: 

 2
, ,

x
ir h sin ec sinP P P       (7) 

where Ph,sin and Pec,sin are the hysteresis and eddy-current 
losses with sinusoidal supply, respectively. 

It is noted that  (7) requires the separation of the iron losses 
into two contributions, hysteresis and eddy currents, which 
usually are not reported on the magnetic material data sheets. 
If the separation between hysteresis and eddy-current losses 
and the supply voltage characteristics are known, the iron 
losses with any kind of voltage supply can be predicted. As an 
example, Fig. 13 shows the comparison between the measured 
and the predicted iron losses when a PWM supply having a 
switching frequency of 1 kHz, a modulation index of 0.45 and 
a fundamental frequency of 50 Hz is applied on a laminated 
toroidal sample with 5.3 W/kg and a thickness of 0.5 mm. 
Conversely, Fig. 14 shows the comparison between the 
measured and  the  predicted  iron  losses  when a PWM supply 



 
Fig. 15. Comparison of measured and simulated iron losses in non-oriented 
grain iron laminations of 0.5 mm width for a fundamental frequency of 50 
Hz [3]: x------x measured under PWM excitation at switching frequency of 
5 kHz, -.-.-.-.-  simulated under PWM excitation at switching frequency of 5 
kHz, o------o measured under sinusoidal excitation, -------- simulated under 
sinusoidal excitation. 

 
Fig. 16. Predicted and measured iron losses of a single-phase inductor with 
PWM inverter supply, fundamental frequency of 50 Hz, modulation index of 
0.6, and switching frequency of 5 kHz [31].  

having a switching frequency of 1 kHz, a modulation index of 
0.45 and a fundamental frequency of 50 Hz is applied on a 
laminated toroidal sample with 2.7 W/kg and a thickness of 
0.35 mm. 

More recently novel approaches have been proposed with 
excellent result [30]-[33]. In Fig. 15, the simulated and 
measured iron losses with flux density for both sinusoidal and 
PWM excitation at fundamental frequency of 50 Hz and 
switching frequency of 5 kHz in non-oriented laminations of 
width 0.5 mm is presented [30]. Fig.16 shows the results on 
an inductor built with unknown magnetic material with 
lamination thickness equaling to 0.5 mm. The iron loss 
comparison has been done for modulation index m of 0.6 and 
switching frequency fs of 5 kHz [31]. More recent research 
contributions investigating iron losses for higher switching 
frequencies are reported in the literature [34], providing 
results consistent with the new inverter technologies using 
wide bandgap devices (e.g., SiC, GaN). It should be 
considered that the ongoing increase in the switching 
frequencies will probably reduce the PWM losses even more, 
leading to overall iron losses very close to those obtained with 
a sinusoidal supply. 

VII. CONCLUSION 
In this paper an overview on the iron losses evolution has 

been based on a historical approach highlighting the first 
original contributions dated first years of the 90s. The question 
is: Is this topic still hot in the new millennium? The answer is 
yes, and the researchers are still focused on both the effects of 
the inverter supply and the prediction of the iron with the 
inverter supply. The overview on the iron loss concept has 
been presented taking into account their evolution starting 
from the classical sinusoidal waveform to the PWM inverter 

supply and it has put in evidence that the most modern results, 
obtained with modern instrumentation and approaches still 
confirm the oldest ones. 
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