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Literature data on the energy loss behavior of steel sheets under rotating induction are restricted to quite low frequencies, i.e. up to 

a few hundreds of hertz. This is not sufficient to predict the loss in high-speed electrical machines, where frequencies in the kilohertz 

range are commonly encountered. We have overcome this difficulty by making loss measurements under alternating and circular 

induction in 0.2 mm thick Fe-(3 wt%)Si and Fe49Co49V2 sheets using a specially designed experimental setup. Peak polarization levels 

and frequencies up to 1.6 T at 2 kHz have been reached in the Fe-Si laminations, whereas the Fe-Co alloy, endowed with much higher 

permeability, has been characterized up to 2.1 T at 5 kHz. In the first part of this paper, the measured loss behavior versus peak 

polarization and magnetizing frequency is presented. In the second part, a loss model for circular induction is proposed, taking into 

account the skin effect. To this end, we have derived a simple magnetic constitutive law for the material, assumed to be isotropic, and 

we have introduced it into the electromagnetic diffusion equation. The solution of this equation by an iterative algorithm provides the 

induction profile across the sample thickness and eventually the classical loss component, which represents the major contribution to 

the total loss at high frequencies. Good agreement with the experiments is obtained. 

 
Index Terms—Magnetic losses, circular induction, non-oriented magnetic steel, skin effect. 

 

I. INTRODUCTION 

IGH SPEED electrical machines are very promising in terms 

of torque density [1], and therefore they are potentially 

interesting for embedded applications, such as on-board 

aircraft electrical plant [2]. A correct prediction of the energy 

efficiency at the design stage requires an accurate 

characterization of the material in the frequency range 

encountered in such machines (i.e. up to a few kilohertz). 

Thus, a physically based model must be derived from these 

data, in order to predict the loss for the various induction wave 

shapes encountered in electrical machines [2]. Modeling can 

be challenging, because of the skin effect, a phenomenon that 

cannot be neglected in the kilohertz range [2][3].  

The experimental approach to medium frequency 

measurements under alternating field in soft magnetic 

laminations is well assessed and a specific standard up to 

10 kHz exists [4].  Loss prediction taking into account the skin 

effect has also been successfully dealt with in the framework 

of the loss separation concept by solving the diffusion 

equation under an hysteretic magnetic constitutive law [2][3].  

Two-dimensional (2D) induction loci are ubiquitous in 

electrical machines [5], but for these conditions no 

measurement standards have been developed and the 

theoretical approach is equally limited, with no consideration 

for the skin effect [6] [7]. Most laboratories use cross-shaped 

apparatus to generate a circular induction in the center of a 

square sheet [8], although this may result in poor homogeneity 

of the induction across the sample. 

To overcome the problem of field inhomogeneity, an 

experimental setup based on a three-phase magnetizer and a 

circular sample, operating up to 200 Hz has been developed 

[7]. Its upper frequency has been recently extended to the 

kilohertz range for 2D testing [9], whereas 3D investigation of 

Soft Magnetic Composites (SMC) at such frequencies has 

been recently proposed by Li et al. [10].  

In this paper we discuss rotational loss results obtained up 

to 5 kHz in 0.2 mm thick Fe-(3wt%)Si and Fe49Co49V2 

laminations by means of a three-phase magnetizer. After 

presenting significant examples of broadband alternating and 

rotational loss measurements, obtained on a wide range of 

peak induction values, we consider the problem of loss 

prediction taking into account the skin effect, a matter never 

addressed so far for rotational magnetization. A simplified 

non-linear magnetic constitutive law under rotating field is 

thus worked out and introduced into the electromagnetic 

diffusion equation, in order to describe the classical loss, the 

largest dissipative contribution at high frequencies. Loss 

separation is thereby achieved. The relationship between the 

classical loss formulations with and without the skin effect can 

in this way be considered and quantified.  

II. EXPERIMENTAL PROCEDURE AND RESULTS 

Hysteresis loops and energy losses have been measured 

under alternating and rotational flux on standard Epstein strips 

and 80 mm diameter disk-shaped samples, cut out of 

commercial non-oriented Fe-(3wt%)Si sheets (conductivity σ 

= 1.92×10
6
 S/m, density δ = 7650 kg/m

3
, thickness d = 0.194 

mm, saturation polarization Js = 2.01 T) and Fe49Co49V2 (σ = 

2.27×10
6
 S/m, δ = 8120 kg/m

3
, d = 0.201 mm, Js = 2.35 T). 

The Fe-Si and Fe-Co samples have been characterized 

between 0.1 T – 1.6 T and 0.1 T – 2.1 T, respectively. 

Alternating field experiments have been performed under 

controlled sinusoidal waveform on both materials, using a 

standard Epstein frame (IEC 60404-10), in the range 2 Hz - 10 

kHz. A setup exploiting the so-called fieldmetric method,  
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Fig. 1. Fe-Si alloy. Behavior of the measured alternating and rotational 

losses versus peak polarization Jp at selected frequencies.  

described in [9] and used in [11], has been instead employed 

for measurements under circular polarization on disk samples, 

with the frequency f extending from 2 Hz to 2 kHz and from 5 

Hz to 5kHz  in the Fe-Si and  Fe-Co sheets, respectively. The 

loss values are obtained by averaging the measurements 

performed under clockwise and counterclockwise rotation. 

The circular flux loci are achieved via a digital feedback 

algorithm implementing the principle of contraction mapping 

[12]. The behavior of alternating W
(ALT)

 and rotational W
(ROT)

 

energy losses versus the peak polarization Jp is illustrated in 

Fig. 1 (Fe-Si alloy) and Fig. 2 (Fe-Co alloy), at selected 

frequencies. It is noted that in the present experiments Jp 

coincides to all practical extent with the peak induction Bp.  

The behavior of losses versus f and Jp (i.e. Bp) is 

investigated exploiting the principle of separation of losses:  W 

= Whyst +Wclass+Wexc, being Whyst, Wclass, and Wexc the hysteresis, 

classical and excess components, respectively. Whyst is 

obtained after extrapolation to f = 0 of the experimental total 

loss W versus f curve, according to the Statistical Theory of 

Losses [11]. In the absence of skin effect, the classical loss per 

unit volume is given, for sinusoidal induction, by the equation 

[13] and under rotational flux it is Wclass
(ROT)

 = 2 Wclass
(ALT)

. In 

addition, the excess loss component is, both under alternating 

and rotational induction, Wexc(f)  f
 ½

 [14]. The analysis of 

these results shows, however, that skin effect interferes 

strongly with the material response, especially in the high-

permeability Fe-Co laminations, and must be duly considered. 

 
Fig. 2. Fe-Co alloy. Same as Fig. 1. 

III. ROTATIONAL LOSSES: THE ROLE OF THE SKIN EFFECT 

A method for the assessing the loss behavior under high 

frequency rotating induction is now discussed. To this end, 

simplifying assumptions are invoked, in order to work out a 

constitutive law for the material under circular polarization.  

The material is assimilated to an equivalent isotropic 

medium, so that we can resort to the concept of complex 

permeability. The ensuing non-linear diffusion equation is 

then numerically solved by an iterative algorithm. Simulations 

applied on the Fe-Co samples, exhibiting important skin effect 

and dominant classical loss contribution in the kHz range, are 

shown to be in good agreement with the experiments. 

A. Derivation of a simplified magnetic constitutive law 

Given a circular induction vector B, the constitutive 

equation B(H0), where H0 is the corresponding rotating 

magnetic field, is obtained as follows: 

 A rate independent relationship is assumed, i.e. only 

static hysteresis is taken into account (as done in [3] 

for alternating field) to derive B(H0).   

 The material anisotropy, pretty small in the 

investigated materials, is neglected. Accordingly, 

given a circular induction vector B, we define a 

corresponding circular magnetic field H0 of constant 

modulus, leading B by a constant phase shift [15].  

 For each circular experimental Bp = |B| value and 

each frequency f, the magnetic field locus is 

measured, and a circle having the same area is 

considered. The radius of such a circle gives the 

amplitude of the circular magnetic field H(f) = |H(f)| 

in the equivalent isotropic material. This quantity, 

W
class

ALT( )
(B

p
, f ) =

p 2

6
sd2B

p

2 f  [J/m3] (1) 
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obtained versus f for each induction value, once 

extrapolated to f = 0, provides the limiting value H0 = 

|H0| and the associated modulus µ  µ(H0) = Bp/H0 of 

the complex permeability (see Fig. 3). 

 The spatial phase shift θhyst between B and H0 (Fig. 

3), corresponding to the rotational hysteresis loss 

(f→0) Whyst
(ROT)

(Bp), is then obtained as  

q
hyst

ºq
hyst

H
0( ) = arcsin

W
hyst

ROT( )
B

p( )
2p H

0
B

p

é

ë

ê
ê

ù

û

ú
ú
 (2) 

x

y

 

Fig. 3. Derivation of the equivalent isotropic material properties. The gray 

regions have same area. 

The experimental quantities µ(H0) and θhyst(H0) are given 

in Fig. 4 for the investigated Fe-Co sheets. 

 
Fig. 4.  Fe-Co sheets. Modulus µ(H0) and spatial phase shift θhyst(H0) of 

the complex permeability µ. 

In a Cartesian reference frame xyz, with the xy plane 

corresponding to the lamination mid-plane and the origin of 

the z-axis taken in the center of the lamination, H0 and B are 

phase-shifted vectors rotating in the xy plane and their 

projection along a fixed direction (e.g. the x axis) is a 

sinusoidal function. The constitutive equation along such 

direction is  

where µ is the complex permeability   

     0 0 hyst 0 expH H i H     
. (4) 

Under rotational regime, Bp, H0 and the modulus and spatial 

phase shift of µ are constant over the period. This situation 

basically differs from the one occurring under alternating 

fields, where the constitutive relationship identifies with the 

hysteresis loop and consequently calls for an hysteresis model 

(e.g. the Preisach model [3]). 

B. Diffusion equation 

The diffusion equation of magnetic field under rotational 

regime is now worked out assuming an infinitely extended 

sheet plane xy, so that all the local quantities depend only on z. 

We obtain in complex notation, e.g. along the x-axis, the 

following equation: 

¶2H
x
(z)

¶z2
= iws B

x
(z) , (5) 

being i
2 

= −1 and ω = 2πf. Given the symmetry of the problem, 

an identical equation is written for the y-coordinate and only 

the 0 < z < d/2 portion along the sheet thickness needs to be 

considered. The constitutive law (3) now becomes a link 

between Bx(z) and Hx(z). We accordingly obtain:  

¶2H
x
(z)

¶z2
= iwsm H

x
(z)( ) H

x
(z)

¶H
x
(z)

¶z
z=0

= 0   and   
¶H

x
(z)

¶z
z=d 2

= iws
d

2
B

p
 

ì

í

ï
ï

î

ï
ï

. (6) 

The first boundary condition is derived from the symmetry 

of the magnetic field profile with respect to the z = 0 plane, 

whereas the second one imposes that the mean induction 

across the lamination cross-section is Bp. The non-linear 

system (6) can be solved through a finite element method 

coupled with the Fixed Point (FP) technique [3]. The total loss 

is calculated via the Poynting theorem, whereas the classical 

component is obtained after volume integration of the squared 

current density. An example of so-calculated rotational loss is 

given in Fig. 5, where the energy loss measured at f = 5 kHz 

versus Jp is compared with the computed total loss W
(ROT, FP)

, 

the sum of the measured hysteresis loss and the calculated 

classical component Wclass
(ROT, FP)

. At such a frequency, where 

the skin effect is fully developed, Wclass overwhelmingly 

dominates (more than 95 % of the total loss) and the 

prediction neglecting the excess loss component, is accurate.  

C. Classical loss analysis 

Having devised a full treatment of the classical rotational 

losses, we can verify to what extent a model neglecting the 

skin effect can approximate the experimental results. To this 

end we consider the ratio Fclass between the classical losses 

calculated with and without the skin effect.  

If the classical loss is computed from eq. (6) we are 

dealing with the Fclass
(FP)

 ratio. In this case the non-linear 

behavior of the material is accounted for by the dependence of 

µ on the depth z.   

A simplified model might also be proposed, as in [16], and 

an analytical expression of Fclass as a function of the ratio d/δ 

(being δ = 1/(f)
1/2

 the standard skin depth) could be 

derived under alternating field assuming constant real 

permeability  depending on the peak induction Bp only. 

When dealing with circular induction, which implies a 

(complex) permeability  constant over the period, a same 

 

  , x x xB H H  (3) 
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Fig. 5. Fe-Co alloy. Experimental and predicted loss figures vs. Jp at f = 

5 kHz. The negligible role of the excess and hysteresis loss components is 

apparent at high Jp values.  

approach could be adopted, assuming  constant across the 

sheet depth, depending again on Bp, according to the 

constitutive relations (3) and (4) (see also Fig. 4). This 

procedure leads to a linear equation that can be analytically 

solved. The ensuing ratio is accordingly denoted Fclass
(LIN)

.  

The comparison between Fclass
(FP)

 and Fclass
(LIN)

 is shown in 

Fig. 6, for  f ranging from DC to 5 kHz. Remarkably, the 

material non-linearity at high induction values implies Fclass
(FP) 

> 1, a result that cannot be attained by Fclass
(LIN)

, which 

assumes µ constant across the sheet depth.  Thus, by 

neglecting the skin effect (i.e. assuming Fclass = 1) in the 

computation of the classical losses at high inductions, we 

obtain better results than using a linear diffusion model, which 

tends to underestimate the loss. 

IV. CONCLUSIONS 

Energy loss results in 0.2 mm thick Fe-Si and Fe-Co 

laminations, excited with circular induction loci up to high 

frequencies have been discussed. The ranges 2 Hz - 2 kHz for 

the Fe-Si samples, and 5 Hz - 5 kHz for the Fe-Co ones have 

been, in particular, considered in experiment and theory, 

providing a broad experimental background for the use of 

these materials in high-speed machines.  

The problem of the loss prediction has been addressed 

through a simplified magnetic constitutive law, which has 

been introduced in the electromagnetic diffusion equation, 

leading to good predictive results. Special attention has been 

devoted to the analysis of the classical loss component, which 

represents the dominant dissipative contribution at high 

frequencies. The limited predicting power of the linear skin 

effect models has therefore been brought to light.  
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Fig. 6. Ratios Fclass between the classical losses computed with and 

without accounting for the skin effect. Fclass
(FP) and Fclass

(LIN) represent the 

ratios obtained via the Fixed Point and the linear methods, respectively. d is 

the sheet thickness and  the standard skin depth.  
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