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Abstract: An efficient numerical calculation method of stray-field loss is investigated for 

typical magnetic load components (grain-oriented silicon steel sheets (GO), magnetic steel 

plate, and combined components of both materials) under non-sinusoidal excitations 

(NSE) containing symmetrical harmonic and DC to avoid the local overheating caused by 

high stray-field loss density. The paper investigates the stray-field loss with different 

types of load components and working conditions based on the leakage flux complemen-

tary-based measurement method, derives an analytical formulation calculating the ener-

getic hysteresis model parameters under different magnetic flux densities to reduce the 

dependence on measurement data, establishes a loss calculation method considering the 

influence of non-sinusoidal magnetization on magnetic loss, and discusses the advantages 

and limitations of existing numerical approaches of additional loss to establish an effective 

computational strategy of stray-field loss. Finally, the effectiveness of the proposed 

method is verified by simulations and experiments. 
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1. Introduction 

With the development of high-voltage direct-current (HVDC) transmission technol-

ogy, the converter transformer is constantly exposed to non-sinusoidal working condi-

tions [1]. Analysis of the temperature rise arising from the power dissipation in metallic 

materials is rather difficult due to the lack of an effective validation model and precise 

loss calculation method, particularly involving multi-materials, and various working con-

ditions [2]. 

The TEAM Problem 21 benchmark model (TEAM P21 model) is an engineering-ori-

ented loss model to investigate the stray-field loss in power transformers [3]. Therefore, a 

lot of research work has been carried out to investigate the effectiveness of the numerical 

calculation method of stray-field loss based on the TEAM P21 model and lays a solid 

foundation for the optimized design in power transformers [4–6]. Overall, the measure-

ment method and numerical calculation method of stray-field loss are the focus of the 

current study [7–9]. This paper focuses on the numerical calculation of stray-field loss. 

For the case where the load components are made of magnetic materials, the stray-

field loss inside the load components under NSE, Ptm, consists of two parts; one part is 
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generated by the main magnetic flux inside the magnetic materials, namely specific total 

magnetic loss Pm, and the other part is generated by the leakage magnetic flux perpendic-

ular to the load components, namely additional loss Pa. Therefore, Ptm can be determined 

by (1) 

tm m aP P P= +  (1) 

Note that the specific total magnetic loss Pm includes all the loss components, i.e., 

classical eddy current loss Peddy, excess loss Pexc, and hysteresis loss Phys. 

For the calculation method of specific total magnetic loss Pm under NSE, there are 

mainly two types of methods. The first one is the overall loss prediction model, like the 

loss-map method and Steinmetz equation (SE) [10–17]. The second category divides the 

magnetic loss into several parts (i.e., hysteresis loss, eddy current loss, and excess loss) 

and calculates them separately, such as the Statistical Theory of Losses (STL) [18–22]. 

Among them, the loss-map method is widely used in industrial applications due to 

its simplicity. Unfortunately, its accuracy is subject to the types and numbers of measure-

ment data. 

At present, the applicable range of the SE under NSE has been expanded by intro-

ducing an empirical correction factor [11–17]. However, these empirical correction factors 

vary with the types of working conditions. The Steinmetz premagnetization graph must 

be established because the magnetization mechanism of magnetic materials not being con-

sidered. 

In contrast, the STL has a solid physical basis and is, therefore, more appropriate for 

predicting the magnetic loss under NSE [18]. This improved model is common where two 

of the three parts (i.e., the hysteresis loss and the excess loss) are corrected by empirical 

factors to ensure a high degree of precision under different frequencies, peak value of flux 

densities, and waveforms of flux densities. However, these existing correction terms for 

hysteresis loss prediction do not conform to the actual magnetization process. For exam-

ple, the calculated hysteresis loss using the correction terms proposed and mentioned in 

[23] is not kept as consistent when there are no minor hysteresis loops. The drawback of 

the correction term proposed by [24] is that it cannot consider the influence of the phase 

of a harmonic. 

The hysteresis model can overcome this problem, making it widely used in the hys-

teresis loss prediction under NSE [25–28]. But, such an approach is inefficient and time-

consuming as it requires an iterative procedure to ensure that the prediction of hysteresis 

loss is accurate. Beyond that, for most hysteresis models, the versatility problem of model 

parameters is intractable. If considering the magnetic flux density as unequally distrib-

uted in magnetic load components, it is difficult to use this method for loss calculation. 

Fitting parameters are therefore necessary to improve accuracy, which however inevitably 

complicates the whole process [28]. To avoid the over-fitting of energetic hysteresis model 

parameters (EM), R. Liu et al. proposed a modified energetic hysteresis model, namely 

MEM [29], but it is insufficient to accurately predict the hysteresis loss and loop in the 

weak applied field. Note that the total loss of the magnetic steel plate consists of hysteresis 

loss and eddy current loss [30]. 

For the calculation method of additional loss Pa, the electromagnetic field numerical 

method is a commonly used computational approach [6]. The reasonably simplified finite 

element modeling and proper treatment of material properties are the focus of this work, 

to reduce computational time. A modeling method that divided the eddy current region 

into a 2-D eddy current region and 3-D eddy current region is widely used to calculate Pa 

[9]. However, Pa is essentially an eddy current loss that results from induced 2-D eddy 

currents in magnetic load components by magnetic flux density perpendicular to load 

components. As a result, the stray-field loss is overestimated in the case of the loss 
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generated by the main magnetic flux superimposed with the eddy current loss calculated 

from 3-D eddy current regions. 

It is clear that the more consideration given to the mentioned issues, the better the 

performance of the method is. Firstly, the paper investigates the stray-field loss with dif-

ferent types of load components and working conditions based on the leakage flux com-

plementary-based measurement method. Secondly, based on the energetic hysteresis 

model, an analytical formulation of unsaturated hysteresis loop parameters is derived and 

verified by experimental results. An improved loss prediction method is established for 

the accurate estimation of the GO and magnetic steel plate under complex excitations. 

Finally, by discussing the advantages and limitations of existing numerical approaches of 

additional loss, an effective strategy for the calculation of stray-field loss is established. 

The effectiveness of the proposed method is verified by simulations and experiments. 

2. Experimental Platform and Strategy for Determination of Stray Loss 

The experimental platform was established based on the TEAM P21 model, including 

the multi-harmonic generator, the high-precision power amplifier, and the power ana-

lyzer, as shown in Figure 1a. The schematic diagram of the TEAM P21 model is shown in 

Figure 1b. All the input data can be found in [31], including the design parameters of 

models and the electric and magnetic properties of materials. 

 
(a) Measurement platform construction 
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(b) Model design parameters 

Figure 1. Design parameters of TEAM Problem 21 benchmark models. 
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In the time-varying magnetic field, the metal conductor induces eddy currents and 

subsequently influences the magnetic field distribution in the conductor. To consider the 

variation in leakage flux distribution adequately with load components, the paper inves-

tigates the stray-field loss with different types of load components and working condi-

tions based on the leakage flux complementary-based measurement method. The basic 

workflow can be found in [6]. 

The main difference with respect to previous work is that the distances (Dcoil) from 

the load components to the exciting coils (E-coil) are changed due to the different types of 

load components, as shown in Figure 1b. 

Because the model size is fixed, the variation in leakage flux distribution caused by 

different Dcoil is considered through the following approaches. 

(1) The software Simcenter MAGNETTM is used to model exciting coils (E-coil) with load 

components, as shown in Figure 2a, which the version of the software is 7.5. Figure 

2b shows that the influence of Dcoil on the ohmic loss of the excitation coils (Pcoil). 

Figure 2 shows the simulated ohmic loss of E-coil when the RMS value of the excita-

tion AC current reaches 10 A. 

Dcoil

  
(a) Model exciting coils (E-coil) (b) The impact of Dcoil to Pcoil. 

Figure 2. The simulated ohmic loss of E-coil when the RMS value of the excitation AC current 

reaches 10 A. 

(2) The distance between the different load components and the windings varies. How-

ever, the distance between the compensating coils and the exciting coils is constant 

(24 mm); a loss coefficient ξDcoil is introduced to take into consideration the loss of the 

coil varying with Dcoil. 

coil(12mm)

)(coil
=

)(coil P

P
ξ

xmm

D xmm

 (2) 

coil(xmm)

no-load(E C)

tm load
2

D

P
P P 

+
= −   (3) 

where Pload is the ohmic loss under load condition and Pno-load(E+C) is the ohmic loss meas-

ured under no-load condition with C-coils. 

All the excitation cases are specified, whatever the load components are (GO, mag-

netic steel plate, or combined components of both materials), as shown in Table 1. 

Table 1. Excitation conditions. 

Cases Excitation Conditions 

I U1sin(ωt) 

In each case, the excitation current (AC) reaches 10 A (rms), but without DC 

component. 

II U1sin(ωt) + 0.3U1sin(3ωt) 

III 
U1sin(ωt) + 0.3U1sin(3ωt) 

+ 0.3U1sin(5ωt) + 0.3U1sin(7ωt) 
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IV 
U1sin(ωt) + 0.3U1sin(3ωt) 

(with DC component) 

Hybrid excitation at the same side of model’s part; AC reaches 7 A (rms) 

and includes DC (5 A). 

The measured stray-field losses inside the load components are shown in Table 2. 

Table 2. Stray-field loss with different types of load components. 

Cases GO/(W) Magnetic Steel Plate/(W) Combined Components/(W) 

I 5.77 28.36 5.16 

II 6.39 30.51 5.90 

III 7.46 32.48 7.03 

IV 2.80 15.94 2.92 

3. Calculation of Loss of GO and Magnetic Steel Plate Under  

Complex Excitations 

This section first derives an analytical formulation of EM parameters of unsaturated 

hysteresis loop for predicting the hysteresis loss under different flux densities, which can 

be further employed to calculate the hysteresis loss under NSE. To simplify the calculation 

of the statistical parameter V0 under sinusoidal and complex AC-DC hybrid excitations, a 

simple but effective calculation method is proposed and verified by experimental results. 

Finally, a method for measuring the magnetic steel plate under NSE is proposed. The ef-

fectiveness of the hysteresis loss calculation method is verified by simulations and exper-

iments. 

3.1. Energetic Hysteresis Model (EM) 

EM is a physical model based on the considerations of energy balance and statistical 

domain behavior, and calculates the applied field H by magnetization M [27]. 

 
d r 0 l

/2
1 1

e s

0 r r 0

0 s

sgn(m) sgn(m m )

m sgn(m) (1 ) (1 ) 1

q
sgn(m m ) ( ) [1 exp( m-m )]  

g
m m

H H H H

N M h m m

k
c H

M


 

+ −

= + + −

 = + + − − 

+ −  +  − −


 
(4) 

where the demagnetizing field, reversible field, and irreversible field are represented as 

Hd, Hr, and Hl, respectively. Ne is the demagnetization factor, m = M/Ms is the related mag-

netization, M is the total magnetization, Ms is the saturated magnetization, h and g relate 

to the saturated field and anisotropy, k is the hysteresis loss coefficient, q is the adaptive 

constant related to pinning, and cr is the ratio of the domain or grain geometry. 

Extracting the EM parameters plays a key role in hysteresis loss calculation under 

both sinusoidal and non-sinusoidal supplies. Traditionally, there are mainly two kinds of 

methods to solve the saturated hysteresis loop parameters, i.e., using optimization algo-

rithms and solving transcendental equations [21,27]. However, both of these two methods 

suffer from having a complex numerical calculation procedure and long computation 

time. 

Moreover, using saturated loop parameters to simulate unsaturated hysteresis loops 

will cause a large error since the hysteresis behavior of magnetic materials is related to the 

peak value of flux density B [29]. To consider the effect of magnetization contribution on 

EM parameters, the MEM is proposed to extract the EM parameters of the unsaturated 

hysteresis loop [29]. However, this method ignores two key issues, i.e., the application 



Symmetry 2025, 17, 189 6 of 18 
 

 

range of solving the equation (k = μ0HcMs) and the reproduction of the hysteresis loop, 

which would result in high errors in the predicted hysteresis loss and loop. 

3.2. Improved Energetic Hysteresis Model (IEM) 

(1) Shortcomings in MEM 

The basic prerequisite of the selection of EM parameters is that the parameters q and 

g should meet two prerequisites, i.e., e−q ≤ 1 and 1 ≤ 2g [27]. When magnetization M is zero, 

Hd and Hr equal 0. The loss coefficient k can be calculated by (5). 

















−−−










=

0

s0

c
exp1 mm

q

M

k
H






 
(5) 

where Hc is the coercivity of the static hysteresis loop, κ is expressed as 

0 0

0

2 exp( )
q

m m 


= − − −  
(6) 

Because the simulation begins with m0 = 0 and κ = 1 [27], the values of parameter κ 

vary from 1 to 2, regardless of how large or small the values of model parameters are. Due 

to e−q ≤ 1, A = [1 − κexp(−q/κ|m − m0|)] is approximately equal to 1 when a strong applied 

field is applied. Therefore, the equation (k = μ0HcMs) is often used to solve k in the strong 

applied field, but not in the weak applied field. Nevertheless, in MEM, this equation is 

still used to solve the k in the weak applied field. 

To point out the defects of MEM, two materials (Q235A and B27R090) are selected 

for checking the performance of the MEM, where the saturated hysteresis loop parameters 

were shown in Table 3 using the optimization algorithm. The comparison of simulated 

saturated static hysteresis loops with measured saturated static hysteresis loops is shown 

in Figure 3. 

Table 3. EM parameters of the saturated loop. 

 Ms (×106 A/m) Ne (×10−5) h (A/m) g q cr 

Q235A 1.55 14.71 56.80 10.06 32.57 0.27 

B27R090 1.55 1.03 0.14 12.82 35.95 0.92 
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Figure 3. Prediction of static hysteresis properties of materials under saturated magnetization con-

ditions, where the material tested of (a) is Q235A, the material tested of (b) is B27R090. 

Based on the energetic model parameters corresponding to the saturated static hys-

teresis loop shown in Table 3, we analyzed the limitations of the MEM model in predicting 

the static hysteresis loop of materials under unsaturated magnetization conditions, as il-

lustrated in Figure 4. The reason for large loss prediction errors is that the equation (k = Hc 

× μ0 × Ms) is not always true in the weak applied field, which would result in a high error. 
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Figure 4. Comparison between the simulated and the measured hysteresis loops, where the material 

tested of (a) is Q235A, the material tested of (b) is B27R090. 

(2) Improved Energetic hysteresis model (IEM) 

Firstly, the law of influence of EM parameters on hysteresis characteristics is investi-

gated using the method of control variate. Table 4 shows the influence of each EM param-

eter on the hysteresis loop; the horizontal segment (---) in Table 4 means that the charac-

teristic quantity is not affected by the characteristic parameters, so that can be ignored. 

The arrow (↑) means that characteristic quantity (Br、Hc、Hmax、Loop area) increase 
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with the increase of EM parameters.The arrow (↓) means that characteristic quantity (Br、

Hc、Hmax、Loop area) decrease with the increase of EM parameters. 

Table 4. The influence of EM parameters on hysteresis characteristics. 

 Ne ↑ h ↑ g ↑ q ↑ cr ↑ k ↑ 

Br ↓ ↓ ↓ ↑ ↑ ↑ 

Hc --- --- --- ↑ --- ↑ 

Hmax ↑ ↑ ↑ ↑ ↑ ↑ 

Loop area --- ↑ ↑ ↑ ↑ ↑ 

Secondly, only hysteresis loss coefficient k determines the value of coercivity (Hc) ac-

cording to EM equations. To consider the influence of peak induction flux densities B on 

Hc, this paper proposes an improved calculation method to extract the parameter kB at 

various peak induction flux densities B by the following equation, where Bs is the satura-

tion flux density. 

0

[1 exp( )]

C s
B

S

H M
k

B
q

B

 
=

− −

 

(7) 

By comparing simulated results using Equation (7) with those by experiments and 

the MEM, Equation (7) has better capability in predicting hysteresis loss compared to 

MEM from Figure 3. 

A hysteresis loss error metric δ1 is defined to check the hysteresis loss prediction ac-

curacy and is expressed as 

( ) %100/
meameacal1

−= PPP  (8) 

where the Pcal is the simulated hysteresis loss and Pmea is the measured hysteresis loss. 

The measured results of hysteresis loss Whys(mea) and error metric δ1 are given in Table 

5 (B27R090). 

Table 5. Calculated and measured results under different flux densities. 

B (T) 
B27R090 

Whys(mea) δ1(IEM) (%) δ1(MEM) (%) 

0.11 T 17.12  5.08 −85.11  

0.18 T 44.40  −0.38  −41.61  

0.23 T 65.43  −0.62  −29.18  

0.28 T 94.14  −0.96  −19.73  

0.34 T 124.20  4.14  −8.24  

0.38 T 155.19  0.11  −8.41  

0.42 T 189.50  0.13  −5.61  

The error metric δ1 of simulated hysteresis loss using Equation (7) is less than 10%, 

implying that these parameters (h, g, q, and cr) of the reversible field and irreversible field 

component are only barely affected by the peak value of flux density. 

The parameters that determine the reversible field characterization of the EM are the 

material anisotropy coefficient g and the saturation field scaling factor h. The anisotropy 

coefficient g is related to the orientational arrangement of atoms within the crystal. The 

saturation field scaling factor h is related to the ratio of the magnetization strength M to 

the magnetic field strength H, so we assume that h varies with the magnetization. 

An analytical formulation is proposed to extract the saturated magnetic field propor-

tion coefficient h at various peak induction flux densities B by the maximum of measured 
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magnetic field strength (Hmax-mea), where Ne(Bs), Ms, q, cr, and g are saturated parameters of 

EM, shown in Table 3. 

( ) max mea( )

0

( )

( )

( (1 exp( )))

=

(1 (1 )

–

exp( ))

s

B
B B e s

S s S
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r r Bs
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h H N M q

B M B
h

B
c q H
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− − − −

+ − −

 
(9) 

where 

1 1
/ 2

( ) [(1 ) (1 ) ] 1S S

B B

B B g

r B

S S

B B
H h

B B

+ −  
= + − − 

   

(10) 

By comparing simulated results calculated by IEM with those by experiments and 

MEM, the accuracy of IEM is significantly improved without sacrificing its simplicity, as 

shown in Figure 5. 

-

-

-
- - -

 

(a) B27R090, B = 0.23 T 

-

-

-
- -

 

(b) B27R090, B = 0.58 T 

Figure 5. Comparison between the simulated and measured hysteresis loops. 

3.3. Calculation and Verification of Magnetic Loss of GO Under Harmonic Excitations 

For hysteresis loss calculation under non-sinusoidal supplies, the relationship be-

tween hysteresis loss and the hysteresis magnetic field Hhys can be expressed as 

=
l

BHW d
hyshys

 (11) 

The non-sinusoidal flux density waveforms were inputted into (4); the corresponding 

hysteresis loss was obtained by (11), since the EM parameters were independent of fre-

quency and flux density waveform [27]. 

Because the GO are thin enough, the eddy current skin phenomenon is less visible 

under low frequency. The eddy current loss Weddy can be calculated according to the fol-

lowing formulation [19]. 
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22

eddy
0

d ( )
= ( ) d

12 d

Td B t
W t

t


  (12) 

where d is the thickness and σ is the conductivity. 

Based on the Statistical Theory of Losses [19], the excess loss Wexc can be calculated 

by 

1.5

exc 0 hys eddy
0

d ( )
= d

d

T B t
W SGV t W W W

t
 = − −  (13) 

where V0 is the statistical parameter, S is the cross-sectional area, and G = 0.1356 is the 

dimensionless coefficient. Many studies reported that the types of excitations without DC 

component and eddy current skin phenomenon have little influence on the statistical pa-

rameter V0 [19,21]. The value of statistical parameter V0 in the power frequency range can 

be used to calculate the excess loss under harmonic excitations, where the fundamental 

frequency of NSE is 50 Hz. 

Figure 6 shows the relative error δ of predicted magnetic loss under harmonic exci-

tations, where the harmonic excitations cases are specified as shown in Table 6; δ is ex-

pressed as 

sim

mea

( 1) 100%
P

P
 = −   

(14) 

Table 6. Excitation conditions of GO under harmonic excitations.

 Cases Excitation Conditions 

HE I U1 sin (ωt) + 0.9U1 sin (3ωt + θ) θ = 0°, 45°, 90°, 135°, 180° 

HE II U1 sin (ωt) + 1.5U1 sin (5ωt + θ) θ = 0°, 45°, 90°, 135°, 180° 

 

-

-

 
(a) Case HE I 

-

-

-

-

-

 
(b) Case HE II 

Figure 6. Results of relative error of magnetic loss under harmonic excitations. 
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3.4. Calculation and Verification of Magnetic Loss of GO Under Harmonic and DC  

Hybrid Excitations 

The hysteresis loss and eddy current loss are still calculated in the same way as in 

Section 3.3. Notably, the excess loss originates from the movement of the domain walls 

and additional heat produced by eddy currents, implying that the DC bias component 

affects statistical parameter V0 [32]. 

The static hysteresis loss is associated with the irreversible magnetization process. As 

the amplitude of the flux density increases, the rotation of the magnetic domains intensi-

fies; the static hysteresis loss also rises. Biased magnetization elevates the actual magnetic 

flux density, further contributing to an increase in static hysteresis loss. Eddy current 

losses are related to the rate of change in magnetic flux density and are not influenced by 

DC bias. Excess losses arise from both the static hysteresis loss and the thermal effects of 

eddy currents. The presence of DC bias leads to an increase in static hysteresis loss, which 

subsequently contributes to an increase in excess loss as well. Currently, there is a lack of 

comprehensive theoretical studies examining the influence of DC bias on static hysteresis 

loss and excess loss. Therefore, extensive measurements are necessary to accurately pre-

dict the effects of DC bias on magnetic losses. It is impossible to predict the influence of 

DC bias on the loss without performing extensive measurements. To simplify the compu-

tational workflow, a loss-map, which expresses the magnetic loss under DC bias, is estab-

lished, as shown in Figure 7. It was hypothesized that the magnitude of statistical param-

eter V0 is determined by peak AC induction Bac and DC bias magnetic field Hb. The statis-

tical parameter V0 can be calculated from the loss-map. 

(σ
S

G
V

0
)0

.5

 

Figure 7. Relationship between the B and (σSGV0)0.5. 

Figure 8 shows the relative error δ of predicted magnetic loss under harmonic and 

DC hybrid excitations, where the excitations cases are specified as shown in Table 7. 

Table 7. Excitation conditions of GO under harmonic and DC hybrid excitations. 

Cases Excitation Conditions 

H + DC E I U1 sin (ωt) + 0.9U1 sin (3ωt + θ) + Idc 
θ = 0°, 90°, 180°. 

Hdc = 20, 40, 60 A/m 

H + DC E II U1 sin (ωt) + 1.5U1 sin (5ωt + θ) + Idc 
θ = 0°, 90°, 180° 

Hdc = 20, 40, 60 A/m 
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(b) Case H + DC E II 

Figure 8. Results of relative error of magnetic loss under harmonic and DC hybrid excitations. 

3.5. Calculation Method of Hysteresis Loss of Magnetic Steel Plate Under Complex  

Excitation Conditions 

Figure 9 shows the experimental platform for measuring magnetic properties of the 

magnetic steel plate of the ring specimen. Table 8 shows the design parameters of the ring 

specimen. 

Power 

source

Computer

Ring 

specimen

 

Figure 9. Experimental platform of ring specimen. 

Table 8. Parameters of ring specimen. 

Turns of Ring Specimen Outer Diameter (mm) Inner Diameter (mm) 
Height 

(mm) 

Conductivity 

(S/m) 

1800 95 100  9.5 6484,000 

Note that the calculation method of classical eddy current loss is not capable of pre-

dicting ohmic loss due to edge effects, because the length and width of the ring specimen 

are not much larger than the height. 

Therefore, to reduce the difference between the magnetic properties represented by 

average magnetic flux density and the real properties of the material, the data of magnetic 

properties at low-frequency (3 Hz) is measured, where the skin depth of the magnetic steel 

plate of the ring specimen ξ = 4 mm is significantly larger than the thickness (2.5 mm) of 
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the steel ring, implying that the eddy current skin phenomenon can generally be ne-

glected. 

When ignoring the eddy current skin phenomenon, whatever the magnetization law 

B(H) is, the eddy current loss generated in the magnetic material is the same as long as the 

waveform of magnetic flux density is the same [33]. To ensure that the simulation flux 

density waveform is consistent with the actual magnetic flux density waveform, the cur-

rent waveform is obtained by linear interpolation, as shown in Figure 10. 

Φ

π 

ω(t) 

-π 

Φ

i

i

π
 

-
π

 

ω
(t) 

 

Figure 10. Calculation of the exciting current. 

Secondly, the eddy current loss of the ring specimen under harmonic excitation is 

calculated by finite element method (FEM), where the current source is used to generate 

a magnetic field. 

Finally, the hysteresis loss under complex excitation conditions is determined indi-

rectly by subtracting the eddy current loss calculated by FEM from the total measured 

magnetic loss. 

When frequency f = 3 Hz, the skin depth of the magnetic steel plate of the ring speci-

men ξ = 4 mm is significantly larger than the thickness (2.5 mm) of the steel ring so that 

the results of hysteresis loss under complex excitation determined by the indirect method 

are justified. 

The FEM model is shown in Figure 11a. The comparison between the simulated and 

the measured flux density waveform is shown in Figure 11b. 

Exciting 

coil

Measuring 

coil

Magnetic 

steel plate

 

-

 
(a) FEM model (b) Flux density waveform 

Figure 11. Simulation model and calculation results. 

Figure 12 shows the relative error δ of predicted hysteresis loss using IEM under har-

monic excitations, where the IEM parameters are shown in Table 3 and the harmonic ex-

citations cases are specified as shown in Table 9. 

Table 9. Excitation conditions of magnetic steel plate under harmonic and DC hybrid excitations. 
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Cases Excitation Conditions 

H E U1 sin (ωt) + 1.5U1 sin (5ωt + θ) θ = 0°, 90°, 180° 

-

-

 

Figure 12. Results of relative error of hysteresis loss under complex excitations. 

4. Modeling Method for Stray-Field Loss 

This section first discusses the advantages and limitations of existing numerical ap-

proaches of additional loss. Then, an effective computational strategy for stray-field loss 

with different types of load components is established. 

4.1. Analysis of Existing Methods of Additional Loss 

The results of eddy current loss of load components obtained by FEM are accurate 

enough through refined finite element modeling (3-D eddy current region), where the 

conductivity of GO is shown in (15). 

[ ]

x

y

z



 



 
 

=  
 
 

 (15) 

The reasonably simplified finite element modeling can not only reduce the computa-

tional cost but also separate the eddy current loss under a specific condition, approxi-

mately. The additional loss is generated by the leakage magnetic flux perpendicular to the 

load components and is part of total eddy current loss. The first modeling approach is that 

the conductivity of GO, which is perpendicular to the lamination, is forced to zero to in-

clude the eddy current loss caused by the leakage magnetic flux perpendicular to the load 

components only (2-D eddy current region), as shown in (16). 

0

[ ] y

z

 



 
 

=  
 
 

 (16) 

Note that the eddy current loss (Peddy-main) generated by the main magnetic flux inside 

the magnetic materials is completely ignored, whereupon Peddy-main needs to be calculated 

by the magnetic loss model. However, the drawback with this method is that it is only 

applicable to the case in which the eddy current skin phenomenon can be completely ig-

nored. 

The second modeling approach is that the eddy current region is divided into two 

parts, i.e., 2-D eddy current region and 3-D eddy current region. Note that the eddy cur-

rent loss calculated from the 3-D eddy current region includes the Pa and Peddy-main, where-

upon the eddy current loss needs to be removed from the magnetic loss model to avoid 

overestimates of specific total magnetic loss. 
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4.2. Computational Strategy of Stray-Field Loss with Different Types of Load Components 

The thickness of the shielded magnetic steel plate can reach 10 mm. When there is no 

magnetic shielding, the skin phenomenon will be very obvious under the power fre-

quency condition. Therefore, the demagnetization effect of the eddy current cannot be 

ignored; that is, the accurate separation of additional loss cannot be realized. 

For the different types of load components, the part of GO closest to the excitation 

coil and farthest from the excitation coils, and the magnetic steel plate are modeled indi-

vidually and treated as the 3-D eddy current regions. The remaining GO are modeled as 

bulk material, regarded as the 2-D eddy current region. 

For the part of solving 3-D eddy current regions, the hysteresis and excess loss gen-

erated by the main magnetic flux inside the magnetic material is superimposed with the 

eddy current loss calculated from 3-D eddy current regions by FEM. For the part of solv-

ing 2-D eddy current regions, the loss generated by the main magnetic flux inside the 

magnetic material is superimposed with the eddy current loss calculated from 2-D eddy 

current regions by FEM. 

In this paper, the magnetic field data are extracted. Based on the magnetic loss calcu-

lation method under complex excitation in Section 3, the specific total magnetic loss is 

calculated and superimposed with the eddy current loss to obtain the stray-field loss of 

the load components. The stray-field loss can be calculated by 

eddy

um

1=

eddyexchystm

+))((+)(((=

++=

∑
exchys

PVρtBPtBP

PPPP

e

N

e

eeee
e  (17) 

where Ve is the volume per element, Nume is the total number of elements in the laminated 

sheets, and ρ is the body density. 

5. Calculation and Verification 

To verify the effectiveness of the numerical calculation method, the simulated stray-

field loss with different types of load components is compared with the experimental re-

sults, as shown in Table 10. 

Table 10. Simulation and Measurement of Stray-field loss with different types of load components. 

Cases 
GO/(W) Magnetic Steel Plate/(W) Combined Components/(W) 

Mea Cal Mea Cal Mea Cal 

I 5.77 5.54  28.36 27.69  5.16 5.37  

II 6.39 6.11  30.51 30.03  5.90 5.73  

III 7.46 6.91  32.48 32.43  7.03 6.79  

IV 2.80 2.60  15.94 15.04  2.92 2.67  

Moreover, for validation of the numerical simulation results, the comparison be-

tween the simulated and the measured leakage magnetic field is shown in Figure 13, 

where the 1/2 thickness d of the probe of Gauss/Teslameter (Model 7010) is 0.76 mm. The 

measured and calculated results are in good agreement, where x = 3 + d. 
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-

 

Figure 13. Comparison between the simulated and measured leakage field (Case III). 

6. Conclusions 

The calculation of stray-field loss for typical magnetic load components under NSE 

is investigated theoretically and practically. Important conclusions are described below. 

(1) The distribution of the leakage flux around the coil depends not only on the types of 

load components, but also on the distance Dcoil between the load components and the 

coil. The improved method proposed can not only consider the distribution of the 

leakage flux around the coil, but also consider the influence of the Dcoil on the coil 

loss, so as to more accurately separate the stray-field loss of load components from 

the total loss. 

(2) By considering the scope of application of equation (k = μ0HCMs) and the effect of 

magnetization contribution on EM parameters, the IEM is proposed which can not 

only reduce the dependence on measurement data for calculating model parameters 

but also successfully improves the accuracy of hysteresis loss and loop compared to 

the MEM, where the hysteresis loss coefficient k and saturated magnetic field propor-

tion coefficient h are derived theoretically and validated by experiments. 

(3) To predict the influence of DC magnetization on the loss, the loss-map, which ex-

presses the magnetic loss under DC bias, is established. Based on the STL, the loss 

calculation method under sinusoidal, harmonic, and harmonic and DC hybrid exci-

tations is proposed and validated by experiments. 

(4) By discussing the advantages and limitations of existing numerical approaches of 

additional loss, it could be found that the 2-D eddy current region is only applicable 

to the case in which the eddy current skin phenomenon can be completely ignored. 

Considering the influence of the eddy current field modeling method on the stray-

field loss computational strategy, the stray-field loss calculation method of GO, mag-

netic steel plate, and combined components of both materials under complex excita-

tions is established. The effectiveness of the stray loss calculation method is verified 

by comparing the stray-field loss and leakage magnetic field experimental results 

with the simulation results. 

(5) The proposed method can be used to calculate transformer stray losses, offering the-

oretical support for transformer design. This approach addresses both the reliability 

and high efficiency needs of transformers, providing a theoretical foundation for 

modeling the electromagnetic thermal optimization constraints of transformers. 
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