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Abstract — An iterative scheme that can adequately integrate 
the nonlinear magnetization properties of isotropic magnetic 
steels and a nodal-based equivalent magnetic network is provided, 
such that the flux densities inside an electric machine can be 
systematically evaluated. Based on the time-domain fluxes and an 
emulated Epstein Frame test circuit, the required magnetization 
inputs for performing the numerical tests at all the nodal regions 
can be devised. Thus the detailed hysteresis inner-loop 
characteristics resulted from machine structures and 
magnetization harmonics can be properly modeled, and the 
corresponding hysteresis losses can be calculated by assembling 
the individual ones from all the regions. Confirmed by 3-D finite 
element analyses, it is clear that a satisfactory machine hysteresis 
loss evaluation scheme, by considering the possible magnetic 
nonlinearity and harmonic effects, can be established. 

I. INTRODUCTION 
With the ever increasing operational efficiency 

requirements and magnetization complexities, selections of 
appropriate magnetic steels for constructing electric machines 
have now become important factors to meet the energy saving 
and performance enhancement objectives. Aside from the cost 
concerns, proper iron loss evaluations of the machines with 
different magnetic steels will be the key issue. However, 
unless the evaluated results are obtained by detailed finite 
element analyses (FEA) on the specific machine structures, 
large discrepancies are inevitably exhibited among those 
obtained from steel manufacturers’ datasheets and the physical 
measured ones. A systematic scheme that can evaluate the 
machine hysteresis losses with less computation efforts than 
the FEA and still provide reasonable enough accuracies is 
certainly desired by both the steel manufacturers and the 
machine producers [1], [2]. 

II. THE PROPOSED INTEGRATED ITERATIVE SCHEME 
Based on proper analytical derivations [3], [4], the air-gap 

flux density distributions of specific machines can be 
conveniently modeled. However, by taking the China Steel 
Corporation (CSC) 50CS470 magnetic steel as an example, 
with its nonlinear magnetizing characteristics being illustrated 
in Fig. 1, it is clear that those analytical air-gap flux modeling 
schemes can not be directly applied for evaluating those flux 
information in the machine cores. By introducing the common 
magnetic equivalent circuit (MEC) concept [5], [6] and using 
the devised air-gap flux density information, as illustrated in 
Fig. 2, an iteratively-modified permeance matrix will be 
established based on the nodal magnetomotive force (MMF) 
information and the magnetizing characteristics of the core 
steels. From the converged solutions, the operational fluxes in 
all the given magnetic regions inside the machine core can be 

estimated. Hence the corresponding machine hysteresis losses 
can be assembled by integrating the individual flux density 

mjB  and magnetic field intensity mjH  information on those 
regions together as: 

 ( )h hj mj mj
j j

P P H dB f D= = ×∑ ∑ ∫ , (1) 

where f is the operational frequency and D is the steel density.  
It is clear that the above general expression for hysteresis 

loss evaluations can only provide averaged results with 
specified frequency levels. To cover the effects of operational 
harmonics and recoil magnetizations, as shown in Fig. 3, an 
equivalent circuit that can emulate the standard Epstein Frame 
test is adopted [7], [8]. Though many numerical models have 
been developed for representing the nonlinear characteristics 
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Fig. 1. Magnetizing characteristics of the CSC 50CS470 magnetic steel. 

 
Fig. 2. Conceptual illustration of the magnetic equivalent circuit of a 3/2 

switched-reluctance machine. 

 
Fig. 3. Equivalent circuit for the emulated Epstein Frame test. 
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of magnetic steels by the equivalent mutual inductance m1L  in 
the circuit [9]-[11], the one based on Preisach model is 
selected for implementation. Hence, from the converged flux 
information mjφ  at every individual region j, the 
corresponding voltage m1 jV  can be derived by 

 1( )m1j mj mjV d N dt d dtφ λ= = , (2) 

in which N1 is the equivalent turns for the emulated Epstein 
Frame test. Therefore, the voltages sjV  at different levels and 
frequencies corresponding to the given flux densities at the jth  
region can be applied, and the resultant iron losses can then be 
calculated from the system voltage and current information. 

III. EMULATED RESULTS 

A 6/4 switched-reluctance motor (SRM) rated at 150 V, 
1.0 hp, 1000 rpm, as depicted in Fig. 4 and Table I, has been 
selected to perform the emulation analyses. By applying the 
derived air-gap MMF into the MEC that can represent the air-
gaps and steel cores, based on the proposed integrated 
iterative scheme, the final converged flux evaluation results at 
one rotor position by dividing the SRM into 364 regions are 
illustrated in Fig. 5(a), and the corresponding results obtained 
from detailed FEA [12] are provided in Fig. 5(b) for 
comparisons. With larger number of subdivided machine core 
regions for MEC analyses, it is clear that the proposed scheme 
can supply better flux distribution estimation. The evaluated 
hysteresis losses of the machine corresponding to Fig. 5(a) are 
thus provided in Table II for adequacy confirmations. 

IV. CONCLUSIONS 

A systematic scheme that can integrate the iteratively 
solved flux densities inside an electric machine from magnetic 
equivalent circuits and the calculated hysteresis losses from 

emulated Epstein Frame tests is developed. The evaluated 
losses can properly represent those inner-loop magnetizing 
characteristics of machine cores without the need of applying 
Steimnetz’s function [12] to buildup the empirical expressions. 
Compared with the results obtained by 3-D FEA, suitability 
and applicability of the proposed scheme for evaluating 
electric machine hysteresis losses with magnetization and 
space harmonics can certainly be confirmed. 
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Fig. 4. Structure of a 6/4 SRM. 

TABLE I 
PHYSICAL DIMENSIONS OF THE 6/4 SRM 

Item Dimension 
Stator inner radius, rs1 45.3 mm 
Stator outer radius, rs2 80.0 mm 
Rotor inner radius, rsh 12.5 mm 
Rotor axial radius, rr1 28.0 mm 
Rotor outer radius, rr2 45.0 mm 
Stator yoke width, d 14.9 mm 
Stator pole arc, θs 30o 
Rotor pole arc, θr 32o 
Stack length, h 75.0 mm 

   
(a) Obtained from the proposed scheme. (b) Obtained from 3-D FEA. 

Fig. 5. Flux density distributions inside the SRM at one rotor position. 

TABLE II 
ESTIMATED HYSTERESIS LOSSES OF THE 6/4 SRM 

From the FEA From the Emulated Epstein Frame Tests Difference 
11.87 W 14.16 W 19.29% 
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