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The Pulse Width Modulation (PWM) technique is commonly adopted to supply modern high-speed electrical machines. The 
involved fundamental frequency is generally in the kilohertz range, with switching frequencies of several tens of kilohertz, as allowed 
by the new SiC or AsGa based power transistors modules. Switching does introduce minor loops in the major hysteresis cycle, with 
durations of the order of 100 µs or lower and ensuing magnetization dynamics likely affected by strong skin effect. However, since 
these minor loops have relatively small amplitude, their constitutive equation can possibly be described by an equivalent permeability 
(real or complex), depending on the mean slope of the minor loop and its static energy loss. By retrieving this permeability, the classical 
loss is straightforwardly calculated by analytical solution of the Maxwell’s equations. In this work, we measure and calculate, 
according to the quasi-linear approximation for the minor loops, the magnetic energy losses of 0.2 mm thick non-oriented Fe-Si 3% 
sheets subjected to PWM induction waveform. Minor loop peak amplitudes ranging between 50 mT and 0.2 T and frequencies up to 10 
kHz are investigated. The results are shown to comply to good extent with the proposed model, the predicting uncertainty being lower 
than 5%. 
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I. INTRODUCTION 
ULSE WIDTH Modulation (PWM) is widely applied to 
supply modern electrical machines because of the 

advantages offered by power electronics for driving the 
machines at their maximum efficiency on a wide speed range 
[1][2]. In addition, it can improve the electromagnetic 
compatibility requirements of the actuator [3]. Fig. 1 shows an 
example of a PWM waveform and the associated major and 
minor hysteresis cycles, for a frequency modulation index of 
mf = 5. Because of the introduction of nested minor loops, the 
PWM supply is the source of extra magnetic losses, which 
should conveniently be evaluated [4]. Loss modeling under 
such non-conventional supply conditions has been 
investigated in the past, assuming negligible skin effect [5]. In 
present devices, however, increasing supply frequencies are 
used and fundamental frequencies in the kilohertz range can 
be found [6], together with switching frequencies of several 
tens of kilohertz, favored by use of the new SiC or AsGa 
based power transistors modules [7][8]. Under such 
conditions, the dynamics of the minor loops is strongly 
influenced by the skin effect, which brings about substantial 
interpretative difficulties in the theoretical modeling of the 
losses. In a previous paper [9], the classical loss related to 
cycles of small amplitude at high frequencies was computed in 
Fe-Si sheets by assuming a linear magnetic constitutive 
equation for the material, by which the skin effect could easily 
be accounted for through a linear diffusion model. The loss 
separation showed then that the well known linear behavior of 
the excess loss vs. the square root of frequency, predicted by 
the Statistical Theory of Losses (STL) [10], could be retrieved 
up to about 10 kHz. On the other hand, an increase of the 

hysteresis loss component at high frequencies could be 
predicted, because of the non-uniform induction profile across 
the sheet thickness imposed by the skin effect. However, this 
might negligibly affect the loss decomposition, because 
hysteresis loss could be largely overcome by the classical and 
excess losses at such frequencies.  
 In this paper we calculate the dynamic losses at low 
induction values taking into account the skin effect by use of a 
properly identified complex permeability in the analytical 
derivation of the classical. In addition, the frequency 
dependent hysteresis loss component is computed taking into 
account the real induction profile and the excess loss is 
conveniently predicted by the STL up to the highest 
frequencies. The model is applied to experimental results 
obtained in a 0.194 mm thick Fe-Si 3% sheet expressly 
developed for high frequency applications. Low inductions, 
ranging from 50 mT to 0.2 T, have been considered, both for 
symmetric hysteresis loops and minor loops associated with 
PWM waveforms. The calculations show good agreement 
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Fig. 1 - Example of PWM waveform and associated hysteresis cycles for 
a frequency modulation index of mf = 5. The major loop is in black, the 
nested minor loops are in red. 


