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SUMMARY 
 
 
In design and simulation of electromagnetic devices, it is essential to model the properties of 
magnetic materials, such as the relation between magnetic flux density B and magnetic field H 
or B-H curve and electromagnetic power losses or core losses with various kinds of magnetic 
field excitations, in order to assess the performance correctly. 
 
The major part of the work is concerned with the modelling of hysteresis loops with alternating 
magnetic field, and core losses with alternating and/or rotating magnetic fields. Various novel 
models are developed. 
 
A critical comparison between various available models of magnetic hysteresis shows that the 
Preisach theory appears to be suitable for practical engineering applications. A new normal 
Preisach model is obtained with the help of a graphical representation of the theory. The new 
model features simple formulation and easy parameter identification. The input data is the 
limiting hysteresis loop. It can provide correct results for a medium or large magnetic field, but 
fails when the hysteresis loop to be predicted is close to the origin of the B-H plane owing to 
some intrinsic defects of the model. These defects are eliminated in a new generalised model, 
which contains a reversible magnetisation component and a magnetisation feed back. The input 
data required by the generalised model are the limiting hysteresis loop and the normal 
magnetisation curve. These can be obtained from either manufacturers' data sheets or from 
simple measurements. Better accuracy is achieved by the generalised model. 
 
New dynamic discrete circuit models with hysteresis, eddy current, and anomalous losses 
included are developed to simulate the performance of magnetic cores in devices with non-
sinusoidal alternating flux. At low frequencies, a simple equivalent circuit model consisting of a 
constant equivalent resistor for eddy current loss, a nonlinear equivalent resistor for anomalous 
loss, and a non-ideal inductor for modelling the hysteresis loop and hysteresis loss is used. This 
model is generalised into a ladder network model for simulation at high frequency by 
subdividing the cross section of the core into a few assumed eddy current paths. All 
parameters of these models can be identified from data sheets provided by manufacturers. 
 
For rotational core loss measurement, a single sheet square specimen tester is developed. The 
precision of two dimensional field strength measurement at the surface of the specimen is 
improved by a novel sandwich H sensing coil arrangement. The relationship between the core 
loss due to the rotational component of magnetic field and the total core loss is clarified using a 
new equation and the arguments are supported by the experimental results. 
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Rotational core losses in grain oriented and non-oriented silicon steel sheets were measured 
using the testers at the University of Technology, Sydney and the Physikalisch-Technische 
Bundesanstalt, Braunschweig, Germany. These measurements provided much useful 
information for both understanding of the loss mechanisms and modelling of the losses. 
 
Similar to the case of alternating core losses, rotational core loss can also be separated into 
rotational hysteresis, eddy current, and anomalous losses. The rotational hysteresis loss is fitted 
by a novel model based on a strong analogy between the retarding torque due to the rotational 
hysteresis loss and the electromagnetic torque in a single phase induction machine. With a 
circular flux density, the rotational eddy current loss is twice as much as the alternating eddy 
current loss. The rotational anomalous loss can be modelled using the same formula as for 
alternating anomalous loss, but the coefficient of rotational anomalous loss is generally a 
function of flux density, and eventually reduces to zero when the material is saturated and all 
domain walls disappear. 
 
Total core losses with an elliptical flux density are predicted from the pure rotational and 
alternating core losses by a new formulation derived from the total core loss formula used in 
rotational core loss measurement. The new model is applicable to hysteresis as well as total 
core losses. Comparisons with experimental data show that this new model is more accurate 
than a linear interpolation between alternating and pure rotational core losses. 
 
Core losses in an AC permanent magnet motor are modelled. The magnetic flux density 
distribution is calculated by a finite element code. Fourier series analysis is used for an 
arbitrary two dimensional rotating flux density. The total core loss is finally calculated by 
summing up all the contributions from different elliptically rotating harmonics of flux density in 
each finite element. The discrepancy between calculated and measured results is about 13%. 



iii 

ACKNOWLEDGMENTS 
 
 
The author wishes to express his deep appreciation to his supervisor, Prof. V.S. Ramsden, for 
his patience, encouragement, and expert technical guidance given throughout the development 
of this work. 
 
He would like to thank his co-supervisor, Dr. S.Y.R. Hui, Department of Electrical 
Engineering, University of Sydney, for his advice and co-operation in dynamic modelling of 
magnetic cores, especially, application of the TLM method. 
 
Acknowledgment and gratitude are accorded to Dr. J.D. Sievert, Magnetic measurement 
Techniques Laboratory, Physikalisch-Technische Bundesanstalt (PTB), Braunschweig, 
Germany, for fruitful discussions and co-operation in improvement of rotational core loss 
measuring techniques. 
 
Thanks to Dr. P.A. Watterson, School of Electrical Engineering, University of Technology, 
Sydney, for friendly and helpful discussions and co-operation in finite element analysis of 
rotating electrical machines. 
 
Useful discussions were provided by Dr. J.B. Dunlop, Commonwealth Scientific and Industrial 
Research Organisation (CSIRO), Division of Applied Physics, Lindfield, NSW, Australia, 
(National Measurement Laboratory), Dr. G. Bertotti and Dr. F. Fiorillo, Istituto Elettrotecnico 
Nazionale Galileo Ferraris, Torino, Italy, and Mr. H. Ahlers, Magnetic Measurement 
Techniques Laboratory, PTB, Braunschweig, Germany. 
 
Experimental assistance from Dr. R. Day and Mr. B. Kalan, CSIRO, and other colleagues 
from this university, especially, Mr. A. Curgenven, Mr. W. Holliday, and Mr. G. Hunter are 
gratefully acknowledged. 
 
Special thanks are due to: 
 

(1) Department of Employment, Education and Training, Australia, for an 
Overseas Postgraduate Research Scholarship (OPRS), which allowed the 
author to carry out the work for this dissertation; 

 
(2) CSIRO and UTS for a joint grant on rotational core loss measurement; 
 



Acknowledgments 

iv 

(3) Department of Industry, Technology and Regional Development (DITRD), 
Australia, and PTB, Germany, for the financial support to a bilateral 
collaborative research project on improvement of measuring techniques and 
models of rotational core losses. 

 
Finally, but perhaps most important, the author wishes to thank his wife (Yuan), his son 
(Jiang), and his parents for their encouragement and understanding. Their enthusiasm for his 
work is something for which he will always be grateful. 



CONTENTS 
 
 
SUMMARY          i 
 
ACKNOWLEDGMENTS        iii 
 
LIST OF SYMBOLS         x 
 
CHAPTER 1.  INTRODUCTION       1 
 
CHAPTER 2.  MODELLING OF MAGNETIC HYSTERESIS   8 
 
2.1 Introduction         8 
2.2 Normal Preisach model of hysteresis      13 
 2.2.1 General theory        13 
 2.2.2 Magnetisation process and Preisach diagrams    14 
 2.2.3 Parameter identification       18 
 2.2.4 Software implementation      20 
 2.2.5 Comparisons with experiments      26 
  2.2.5.1 Experimental method      26 
  2.2.5.2 Comparison of major and minor loops of non-oriented  
   silicon steel Lycore-140     28 
  2.2.5.3 Comparison of major loops of soft ferrite N47   31 
  2.2.5.4 Comparison of major and DC biased incremental loops 
   of mild steel       34 
 2.2.6 Intrinsic defects of the normal Preisach model    40 
  2.2.6.1 Zero initial magnetic susceptibility    41 
  2.2.6.2 Congruent minor loops      43 
 2.2.7 Magnetisation dependent Preisach models    47 
  2.2.7.1 Product model       47 
  2.2.7.2 Moving model       48 
2.3 Generalised Preisach model       49 
 2.3.1 Formulation        49 
 2.3.2 The anhysteretic magnetisation curve     51 
 2.3.3 Parameter identification       55 
  2.3.3.1 The squareness       56 
  2.3.3.2 The magnetisation feedback coefficient    57 



Contents 

vi 

 2.3.4 Software implementation      60 
 2.3.5 Verification        62 
  2.3.5.1 Non-congruent minor loops     62 
  2.3.5.2 Major loops       63 
  2.3.5.3 Normal and incremental permeabilities    64 
2.4 Conclusion         65 
 
CHAPTER 3.  DYNAMIC CIRCUIT MODEL OF MAGNETIC CORES 67 
 
3.1 Introduction         67 
3.2 A dynamic circuit model of laminated cores     69 
 3.2.1 Dynamic circuit model       69 
 3.2.2 Core losses and circuit parameters     71 
  3.2.2.1 Core losses in the equivalent circuit    71 
  3.2.2.2 Equivalent resistors      72 
  3.2.2.3 Identification of loss coefficients    73 
  3.2.2.4 Hysteresis model and differential inductance   77 
 3.2.3 Experimental verification      77 
  3.2.3.1 Experimental method      77 
  3.2.3.2 Calculation       78 
  3.2.3.3 Comparison of results      78 
 3.2.4 Discussion        82 
  3.2.4.1 Skin effect       82 
  3.2.4.2 Eddy current loss models     83 
  3.2.4.3 Computing time and precision     83 
3.3 A generalised dynamic circuit model of magnetic cores    85 
 3.3.1 Ladder network model of magnetic cores    85 
 3.3.2 Discrete mathematical description of dynamic magnetic core  
  model         87 
 3.3.3 A criterion for the size of the ladder network for low and high  
  frequency applications       89 
 3.3.4 Core losses and circuit parameters     90 
  3.3.4.1 Approximate eddy current distribution in a thick  
   lamination sheet      90 
  3.3.4.2 Classical eddy current loss     92 
  3.3.4.3 Consideration of anomalous loss    93 
  3.3.4.4 Equivalent core loss resistance     94 
  3.3.4.5 Hysteresis and differential inductance    96 



Contents 

vii 

  3.3.4.6 Total core loss calculation in the ladder network model  97 
 3.3.5 Software implementation      97 
 3.3.6 Experimental verification      97 
  3.3.6.1 Annular ring of silicon iron with square wave voltage  
   excitation       97 
  3.3.6.2 A ferrite toroid in a switching circuit    100 
3.4 Conclusion         104 
 
CHAPTER 4.  A REVIEW OF ROTATIONAL CORE LOSS  
   MEASUREMENT AND MODELLING    106 
 
4.1 Introduction         106 
4.2 Development of techniques and apparatus for rotational core loss  
 measurement         107 
 4.2.1 Measuring techniques of magnetic field strength and flux density  108 
  4.2.1.1 Magnetisation current method     108 
  4.2.1.2 Sensing coil method      109 
  4.2.1.3 Hall elements       113 
  4.2.1.4 B tips        113 
 4.2.2 Methods for measuring rotational core loss    115 
  4.2.2.1 Torque-metric method      115 
  4.2.2.2 Thermometric method      115 
  4.2.2.3 Field-metric method      116 
  4.2.2.4 Watt-metric method      117 
 4.2.3 Development of measuring apparatus     118 
  4.2.3.1 Disk and ring samples      118 
  4.2.3.2 Cross and strip samples     123 
  4.2.3.3 Square samples      127 
  4.2.3.4 Large sheet samples      134 
4.3 International standardisation and inter-comparison of rotational core loss  
 measurement techniques and apparatus      134 
4.4 Measurement, understanding, and modelling of rotational core losses in  
 electrical sheet steels        135 
 4.4.1 Rotational hysteresis loss      135 
 4.4.2 Total rotational loss (hysteresis+eddy current)    141 
4.5 Modelling of core losses in rotating machines     150 
4.6 Conclusion         151 
 



Contents 

viii 

CHAPTER 5.  ROTATIONAL CORE LOSS MEASUREMENT   152 
 
5.1 Introduction         152 
5.2 Development of a rotational core loss measuring system using  
 a square specimen        153 
 5.2.1 Outline of the system       153 
 5.2.2 Square specimen tester (SST)      155 
 5.2.3 Measurement of two dimensional magnetic field strength and  
  flux density        158 
  5.2.3.1 Sensors for measuring magnetic field and flux density  158 
  5.2.3.2 Calibration of magnetic field sensing coils   160 
  5.2.3.3 Correction of error due to distance between H sensing  
   coils and specimen      162 
  5.2.3.4 Correction of error due to misalignment of sensing coils  166 
 5.2.4 DSP system        168 
 5.2.5 Feedback control of flux density waveforms    172 
  5.2.5.1 System model       172 
  5.2.5.2 System responses in frequency and time domains  174 
  5.2.5.3 Implementation of the feedback control    177 
 5.2.6 Power amplifier       177 
5.3 Core loss measurements with rotating magnetic fluxes    178 
 5.3.1 Calculation of core losses from measured magnetic field  
  strength and flux density      178 
 5.3.2 Measurement of core losses with rotating magnetic fluxes  182 
  5.3.2.1 Pt and Pr with a circular flux density    182 
  5.3.2.2 Pt and Pr with an elliptical flux density    184 
  5.3.2.3 Ratio of rotational core loss to alternating core loss  185 
  5.3.2.4 Rotational core loss at different frequencies   187 
5.4 Measurement of rotational core loss with tester at PTB, Germany  188 
 5.4.1 Pt and Pr with a circular flux density     188 
 5.4.2 Pt and Pr with an elliptical flux density     191 
 5.4.3 Ratio of rotational core loss to alternating core loss   196 
5.5 Further discussion        197 
 5.5.1 Magnetic anisotropy due to material textures    197 
 5.5.2 More discussion about total loss Pt and rotational loss Pr  202 
5.6 Conclusion         204 
 
 



Contents 

ix 

CHAPTER 6.  MODELLING OF ROTATIONAL CORE LOSSES  207 
 
6.1 Introduction         207 
6.2 Rotational core loss separation with a circular field    208 
6.3 A model for rotational hysteresis loss with a circular field   211 
 6.3.1 Rotational hysteresis loss      211 
 6.3.2 Electromagnetic torque in a single phase induction machine  215 
 6.3.3 An analogical approach to rotational hysteresis loss   217 
 6.3.4 Verification of the model      219 
6.4 Predicting total rotational core loss with an elliptical flux density   224 
 6.4.1 Elliptically rotational core loss in terms of flux density axis ratio  225 
 6.4.2 Experimental verification      227 
6.5 Core loss modelling in rotating electrical machines    230 
 6.5.1 Rotating flux density in the stator core of a permanent magnet  
  motor         230 
  6.5.1.1 Finite element analysis of the no-load magnetic field  232 
  6.5.1.2 Determination of rotating magnetic flux density   235 
 6.5.2 Core loss model for rotating electrical machines    237 
 6.5.3 Comparison of calculation with experiment    239 
  6.5.3.1 Measurement       239 
  6.5.3.2 Comparison       240 
6.6 Conclusion         242 
 
CHAPTER 7.  CONCLUSION AND FUTURE WORK    245 
 
APPENDIX A.  A LIST OF PUBLICATIONS     249 
 
APPENDIX B.  MAGNETIC CIRCUIT DESIGN OF  
                           A SQUARE SPECIMEN TESTER    252 
 

B.1 Introduction         252 
B.2 Reluctance network        252 
B.3 Design of excitation windings       255 
B.4 Thermal modelling        256 
 B.4.1 Equivalent heat transfer network      257 
 B.4.2 Thermal analysis of the tester      259 
B.5 Design of the tester        263 
 
REFERENCES         267 



x 

LIST OF SYMBOLS* 
 
 
A  Cross sectional area of a magnetic core  (m2) 
B  Magnetic flux density  (T) 
Ba  Alternating component of an elliptically rotating flux density  (T) 
Bmaj  Major axis of an elliptically rotating flux density (T) 
Bmin  Minor axis of an elliptically rotating flux density  (T) 
Bp  Peak value of flux density  (T) 
Br  Rotational component of an elliptically rotating flux density  (T) 
Bx  X component of flux density  (T) 
By  Y component of flux density  (T) 
B∆  Incremental magnetic flux density  (T) 
b  Thickness of a silicon steel sheet  (m) 
Ca  Alternating anomalous loss coefficient  (SI units) 
Car  Rotational anomalous loss coefficient  (SI units) 
Ce  Eddy current loss coefficient  (SI units) 
E  Electric field intensity  (V/m) 
f  Frequency  (Hz) 
H  Magnetic field strength  (A/m) 
Ha  Alternating component of an elliptically rotating field strength  (A/m) 
Hb  Biasing magnetic field strength  (A/m) 
Hmaj  Major axis of an elliptically rotating field strength  (A/m) 
Hmin  Minor axis of an elliptically rotating field strength  (A/m) 
Hr  Rotational component of an elliptically rotating field strength  (A/m) 
Hs  Magnetic field strength at the surface of a specimen  (A/m) 
Hsat  Saturation magnetic field strength  (A/m) 
Hx  X component of magnetic field strength  (A/m) 
Hy  Y component of magnetic field strength  (A/m) 
H∆  Incremental magnetic field strength  (A/m) 
I  Current  (A) 
ia  Current in an equivalent resistor for anomalous loss  (A) 
ie  Current in an equivalent resistor for eddy current loss  (A) 
iL  Current in an inductor  (A) 
is  Excitation current  (A) 
J  Current density  (A/m2) 
Jx  X component of current density  (A/m2) 

                                                                 
* symbols which are not listed here are defined where they appear. 
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KH  Coil coefficient of an H sensing coil  (SI units) 
L  Inductance  (H) 
lm  Mean length of a flux path in an annular ring sample  (m) 
M  Magnetisation  (A/m) 
Manh  Anhysteretic magnetisation  (A/m) 
Md(H)  Magnetisation on the downward trajectory of the limiting hysteresis loop  
  for a given H  (A/m) 
Mi(H)  Magnetisation on the initial magnetisation curve for a given H  (A/m) 
Mirr  Irreversible component of magnetisation  (A/m) 
Mrev  Reversible component of magnetisation  (A/m) 
Ms  Saturation magnetisation  (A/m) 
Mu(H)  Magnetisation on the upward trajectory of the limiting hysteresis loop  
  for a given H  (A/m) 
m  Magnetic moment  (J/T) 
N  Number of turns of a coil 
Pa  Alternating anomalous loss  (W) 
Pc  Alternating core loss  (W) 
Pe  Alternating eddy current loss  (W) 
Pea  Sum of alternating eddy current and anomalous losses  (W) 
Ph  Alternating hysteresis loss  (W) 
pa  Average specific alternating anomalous loss over a cycle  (W/kg) 
pe  Average specific alternating eddy current loss over a cycle  (W/kg) 
ph  Average specific alternating hysteresis loss over a cycle  (W/kg) 
Pr  Specific core loss due to rotational component of an elliptically rotating  
  magnetic field  (W/kg) 
Par  Specific rotational anomalous loss  (W/kg) 
Per  Specific rotational eddy current loss  (W/kg) 
Phr  Specific rotational hysteresis loss  (W/kg) 
Pt  Total specific core loss  (W/kg) 
Pta  Total specific anomalous loss  (W/kg) 
Pte  Total specific eddy current loss  (W/kg) 
Pth  Total specific hysteresis loss  (W/kg) 
Ra  Equivalent resistance for alternating anomalous loss  (Ω) 
RB  Axis ratio of an elliptically rotating flux density 
RDC  DC resistance of an assumed eddy current path in a solid  
  magnetic core  (Ω) 
Re  Equivalent resistance for alternating eddy current loss  (Ω) 
RH  Axis ratio of an elliptical rotating field strength 
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Rw  Winding resistance  (Ω) 
rc  Correction factor to RDC when anomalous loss is included 
rJ  Correction factor to RDC when variation of eddy current density  
  is considered 
T  Time period, and T=1/f  (s) 
Tp  Propagation time in the TLM method  (s) 
Tr  Retarding torque per unit volume due to Pr  (Nm/m3) 
t  Time instant  (s) 
VL  Voltage across an inductor or induced emf across the secondary coil  
  of an annular ring sample  (V) 
Vs  Excitation voltage  (V) 
W  Energy  (J) 

δ  Skin depth, and δ
σωµ µ

=
2

r o

  (m) 

Φ  Magnetic flux  (Wb) 
γαβ(H)  Switching function of the elementary dipoles in the normal  
  Preisach model of magnetic hysteresis 
λ  Magnetic flux linkage  (Wb) 
µ(α,β)  Distribution function of the elementary magnetic dipoles  
  in the normal Preisach model of magnetic hysteresis 
µo  Permeability of a vacuum  (Tm/A) 
µr  Relative permeability 

µ∆  Incremental permeability, and µ
µ∆

∆

∆

=
B
Ho

 

ρm  Mass density of material  (kg/m3) 
σ  Conductivity  (Ω−1m−1) 
ω  Angular frequency, and ω=2πf  (rad/s) 

χi  Susceptibility of the initial magnetisation curve, and χ i
i=

dM
dH

 

χio  Initial susceptibility, and χ io
i

H =0

=
dM
dH

 

χano  Gradient or susceptibility of anhysteretic magnetisation curve  

  at the origin, and χ ano
anh

H=0

=
dM

dH
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