
The University of Sheffield
[image: University of Sheffield]
Investigation of Iron losses in Permanent Magnet Machines Accounting for Temperature Effect
By
Shaoshen Xue

A thesis submitted for the degree of Doctor of Philosophy
Department of Electronic and Electrical Engineering
The University of Sheffield
UK
September 2017


[bookmark: _Toc498330407]Abstract
This thesis is concerned with the iron loss models for electrical machines, focussing on permanent magnet (PM) electrical machines. Four common conditions for investigation of iron losses in PM electrical machines are considered, i.e. sinusoidal flux density, flux density with DC bias, flux density distortion and arbitrary flux density. In particular, the temperature effects on the iron loss are systematically investigated and modelled under each condition.
Four of the most commonly used iron loss models for sinusoidal flux density are initially introduced and the most accurate iron loss model is identified by utilising a steel lamination ring specimen test procedure. The temperature effect on the iron loss is then investigated. It is found that the existing iron loss models without temperature consideration will be inaccurate when the temperature varies. Therefore, an improved iron loss model considering temperature influence is developed.
For the influence of DC bias flux density, the combined influence of DC bias flux density and temperature is experimentally confirmed by a modified steel lamination ring specimen test procedure. An improved iron loss model is then proposed for the flux density with DC bias while considering the influence of temperature.
For the influence of flux density distortion, an improved iron loss model for considering the flux density distortion and temperature influence is also presented in this thesis. 
In order to validate the effectiveness of improved models in electrical machines, iron loss tests are carried out on an interior PM (IPM) machine. The IPM machine is heated to different temperatures to evaluate the iron loss models for considering the temperature influence. Furthermore, in order to validate the improved model for DC bias flux density, ferrite magnets are installed into the rotor to generate DC bias flux density in the machine. Moreover, iron loss tests on the machine when fed by a pulse width modulation (PWM) inverter are carried out to evaluate the improved iron loss model for the influence of flux density distortion.
Finally, based on the above investigations on all the influential factors of iron loss, an iron loss model for arbitrary flux density accounting for the temperature influence is developed. The iron loss model is validated by iron loss tests on a variable flux reluctance machine.
[bookmark: _Toc498330408]Acknowledgements
This doctoral thesis concludes my project at the Electrical Machines & Drives Research Group of the University of Sheffield, which started in September 2014.
First of all, I would like to express my sincere thanks to my supervisor Prof. Zi-Qiang Zhu for his continuous support, guidance, patience, and enthusiasm to me during the course of the research and the writing of this thesis. I am extremely lucky to have a supervisor who cares so much about my work, and who responds to my questions and queries so promptly. During the research, Prof. Zhu can point out every mistake which I made, which makes me improve a lot. His attitude on the research and philosophy of life also taught me a lot and enormously broadened my horizons.
This project is financially funded by the CRRC Corporation Limited, which is gratefully acknowledged. I thank in particular Dr. Jianghua Feng, Mrs. Shuying Guo, Mr. Zhichu Chen and Mr. Jun Peng for the technical discussions and suggestions. Thank Dr. Wenqiang Chu for his great ideas, guidance and countless corrections on my paper writing.
I would also like to thank all the colleagues in our Electrical Machines and Drives Research Group. Thank Dr. Peilin Xu and Mr. Liren Huang for their valuable technical discussions and professional suggestions on my research and also the help during the test. Thank Dr. Di Wu, Dr. Hao Hua, Dr. Alexander Duke, Mr. Yanxin Li and Mr. Yu Wang for their valuable technical discussions during this project.
Last, but not least, I would like to thank my parents Mr. Ruilin Xue, Mrs. Guisheng Lu and parents-in-law Mr. Yushan Zhan, Mrs. Liying Zhang for their endless support, trust and love on me. Finally, my deepest gratitude goes to my lovely wife Mrs. Na Zhan for her love and support during my research, for her warm company on the way home in every dark and wet English winter night.
Shaoshen Xue
Sheffield, the United Kingdom
September 2017


ii
Contents
Abstract	i
Acknowledgements	ii
Contents	I
Nomenclatures	V
List of Abbreviations	VIII
Chapter 1	1
1.1 Background	1
1.2 Iron Loss in Electrical Machines	5
1.2.1 Loss Behaviour of Electrical Machines	5
1.2.2 Machine Topology	6
1.2.3 Slot and Pole Number Combination	7
1.2.4 Winding Arrangement	8
1.2.5 Temperature	12
1.2.6 PWM	13
1.2.7 Geometry	15
1.2.8 Manufacturing Process	16
1.2.9 Summary of Influential Factors	18
1.3 Iron Loss Models for Electrical Machines	20
1.3.1 Mathematical Hysteresis Models	20
1.3.2 Improvements Based on Mathematical Hysteresis Models	23
1.3.3 Empirical Models	24
1.3.4 Improvements Based on Empirical Models	28
1.3.5 Conclusions	36
1.4 Iron Loss Measurement	37
1.4.1 In Steel Laminations	37
1.4.2 In Electrical Machines	45
1.5 Research Scope and Thesis Outline	51
1.6 Contributions	52
Chapter 2 Comparison of Iron Loss Models for Alternating Sinusoidal Flux Density	54
2.1 Introduction	54
2.2 Iron Loss Measurement in Steel Laminations	55
2.3 Iron Loss Models for Alternating Sinusoidal Flux Density	60
2.4 Conclusions	69
Chapter 3 Iron Loss Calculation Considering Temperature Influence	70
3.1 Introduction	70
3.2 Temperature Dependency of Iron Loss	71
3.3 Iron Loss Model Considering Temperature Influence	77
3.3.1 Modelling Temperature Dependent Coefficients	80
3.3.2 Validation of Improved Iron Loss Model in Steel Laminations	86
3.4 Further Experimental Validation on an Electrical Machine	89
3.5 Conclusions	99
Chapter 4 Iron Loss Model under DC Bias Flux Density Considering Temperature Influence	101
4.1 Introduction	101
4.2 Iron Loss Measurement under DC Bias Flux Density in Steel Laminations	102
4.3 Existing Iron Loss Model Considering DC Bias Flux Density	109
4.4 Improved Iron Loss Model for DC Bias Flux Density Considering Temperature Influence	110
4.4.1 The Improved Iron Loss Model	110
4.4.2 Experimental Validation on Steel Lamination Ring Specimen	114
4.5 Further Validation of Improved Iron Loss Model on an Electrical Machine	118
4.6 Conclusions	122
Chapter 5 Iron Loss Model Considering Flux Density Distortion	123
5.1 Introduction	123
5.2 Iron Loss Model for Distorted Flux Density Considering Temperature Influence	124
5.3 Iron Loss Tests in Electrical Machine	127
5.4 Experimental Validation	135
5.5 Conclusions	139
Chapter 6 Iron Loss Model for Arbitrary Flux Density Waveform Considering Temperature Influence	140
6.1 Introduction	140
6.2 Iron Loss Model for Arbitrary Flux Density Waveform Considering Temperature Influence	140
6.3 Validation of the Iron Loss Model in an Electrical Machine	141
6.4 Conclusions	152
Chapter 7 General Conclusions and Future Work	153
7.1 General Conclusions	153
7.1.1 Iron Loss Models for Sinusoidal Flux Density	153
7.1.2 Iron Loss Models for Flux Density with DC Bias	154
7.1.3 Iron Loss Models for Flux Density Distortion	154
7.1.4 Iron Loss Models for Arbitrary Flux Density	155
7.1.5 Summary	155
7.2 Future work	156
Appendix	157
A.1 Simplified Model	157
A.2 Experimental Validation	160
A.3 Conclusions	163
Published work	164
References	165



[bookmark: _Toc498330410]Nomenclatures
	A
	Steel lamination ring specimen cross sectional area 
	m2

	Bbias
	DC bias flux density
	T

	Bm
	Amplitude of flux density waveform
	T

	Bmajor
	Flux density along the major-axis
	T

	Bmax
	Maximum flux density 
	T

	Bminor
	Flux density along the minor-axis
	T

	d
	Thickness of steel lamination 
	m

	Deddy
	Eddy current loss varying rate with temperature
	%/°C

	Dhyst
	Hysteresis loss varying rate with temperature
	%/°C

	err
	Relative prediction error
	%

	f
	Frequency of flux density waveform
	Hz

	H
	Field strength
	A/m

	Hα
	Switch-on threshold of the operator of the Preisach model
	A/m

	Hβ
	Switch-off threshold of the operator of the Preisach model
	A/m

	I
	RMS-value of the phase current
	A

	IDC
	DC current in the DC winding
	A

	kcl
	Classical loss coefficient
	

	ke
	Eddy current loss coefficient
	

	kexc
	Excess loss coefficient
	

	kh
	Hysteresis loss coefficient
	

	leff
	Steel lamination ring specimen effective length
	m

	M
	Total magnetisation
	A/m

	m
	Number of phases of the electrical machine
	

	Mirr
	Magnetisation irreversible component of the Jiles-Atherton model
	

	Mrev
	Magnetisation reversible component of the Jiles-Atherton model
	

	N
	Number of turns of ring specimen excitation and measuring coils
	

	n
	Rotor speed
	rpm

	N1
	Number of turns of primary winding of the Epstein frame
	

	N2
	Number of turns of secondary winding of the Epstein frame
	

	pFe
	Iron loss density
	W/kg

	pFe,major
	Iron loss density of major-axis
	W/kg

	pFe,Mea
	Measured iron loss
	W

	pFe,minor
	Iron loss density of minor-axis
	W/kg

	pFe,Pre
	Predicted iron loss
	W

	pFe,x
	Iron loss density of x-axis
	W/kg

	pFe,y
	Iron loss density of y-axis
	W/kg

	Pin
	Input power
	W

	Pm
	Reading of the wattmeter in Epstein test system
	W

	Pmech
	Mechanical loss
	W

	Pout
	Output power
	W

	PPM
	Magnet eddy current loss
	W

	pr
	Rotational loss when the flux density locus is a circle
	W/kg

	Pwi
	Winding copper loss
	W

	R
	Phase winding resistance
	Ω

	Ri
	Resistance of the secondary winding of the Epstein frame
	Ω

	s
	Stress
	MPa

	T
	Temperature
	°C

	t
	Time
	s

	U2
	Average voltage of the secondary coil of the Epstein frame
	V

	V
	Volume of the steel lamination ring specimen
	

	ΔBi
	Amplitude of the fluctuated flux density
	T

	ρ
	Resistivity of the steel lamination
	Ω/m

	σ
	Electrical conductivity of steel laminations
	S/m




[bookmark: _Toc498330411]List of Abbreviations
	BLDC
	Brushless DC machine

	CSRM
	Conventional switched reluctance machine

	EMF
	Electromagnetic force

	EV
	Electric vehicle

	FEA
	Finite element analysis

	FPSRM
	Fully pitched winding switched reluctance machine

	GO
	Grain-oriented

	HEV
	Hybrid electric vehicle

	IM
	Induction machine

	IPM
	Interior permanent magnet

	LTCC
	Low-temperature co-fired ceramic

	MCSRM
	Double-layer mutually coupled switched reluctance machine

	MMF
	Magneto motive force

	NO
	Non-oriented

	PM
	Permanent magnet

	PMSM
	Permanent magnet synchronous machine

	PWM
	Pulse width modulation

	SLCSRM
	Single-layer conventional switched reluctance machine

	SLMCSRM
	Single-layer double-layer mutually coupled switched reluctance machine

	SRM
	Switched reluctance machine

	VFRM
	Variable flux reluctance machine
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[bookmark: _Toc498330412]Chapter 1
General Introduction
Due to environmental problems such as global warming and energy shortage, need for improving the efficiency of electrical machines is increasing. In electrical machines, iron loss is one of the major losses. In order to improve the efficiency of electrical machines, it is essential to predict the iron loss accurately. Furthermore, the iron loss prediction is also important for the evaluation of the thermal behaviour of electrical machines, which has significant influences on permanent magnet (PM) demagnetisation, temperature distribution, cooling, etc. However, the iron loss is one of the losses most difficult to predict and measure. In this chapter, iron loss natures, iron loss models and measurement techniques are comprehensively reviewed. The research scope and contributions of this thesis are described.
[bookmark: _Toc498330413]1.1 Background 
According to previous studies, the iron loss originates from three loss contributions i.e. the hysteresis loss, the classical eddy current loss and the excess loss [BER85] [FIO90]. 
The hysteresis loss in soft magnetic materials is generated from the movement of domain walls [BER85] [JIL86] [BAR04] [CAL08]. As the magnetisation process shown in Fig.1.1, magnetic domains in soft magnetic material points in different directions without an external magnetic field. In this case, no magnetism shows from the external point of view. When a soft magnetic material is placed in the magnetic field with field strength H, the magnetic domains in the material tend to align with the magnetic field [KON11]. However, the aligning process occurs not simultaneously but with a phase delay. This is called the hysteresis process in soft magnetic materials. The phenomenon in soft magnetic materials can be demonstrated by the hysteresis loop shown in Fig.1.2. The hysteresis loop shows the relationship between the induced magnetic flux density B and the magnetic field strength H. The loop is generated by measuring B while H is changed. A soft magnetic material that has never been previously magnetized or has been demagnetized will follow the dashed line as H increases from the initial point “O”. The greater the amount of current applied, the stronger the magnetic field. At point “a” almost all the magnetic domains are aligned. An additional increase in the H will produce only slight increase in B. The material then becomes saturated. When H is reduced to zero, the curve will move from point “a” to point “b”. At this point, some B remains in the material although the H is zero. This indicates that some of the magnetic domains remain aligned while some have lost their alignment [JIL94]. In this case, the remaining of B when H is zero is defined as the remanent magnetisation Br. As the H is reversed, the curve moves to point “c”, where the flux has been reduced to zero. This is called the point of coercive force Hc. It indicates that the reversed H is strong enough to remove the remaining of B in the material. In other words, the force required to remove the remanent magnetisation from the material is called the coercive force of the material. When H increases in the negative direction, the material will again become magnetically saturated in point “d” in the opposite direction. Reducing H to zero brings the curve to point “e”. It will have a level of remanent magnetisation equal to that achieved in the other direction. Increasing H back in the positive direction will return B to zero. It should be noted that the curve does not return to the initial point. The curve will take a path from point “f” back to the saturation point “a” and complete the loop if there is no magnetic strength fluctuation. 
If there is a field strength fluctuation ΔH which occurs at point “g”, the curve will take a minor loop through point “h” and then back to “a”. This is called minor hysteresis loops. 
In some circumstances, such as in an external magnetic field generated by permanent magnets, DC bias flux density exists in the soft magnetic material. The B-H loops will become asymmetric since the magnetisations of magnetic domains are changed by the bias. Fig.1.3 shows the B-H loops under different DC bias flux density Bbias but the same alternating flux density ΔB. It can be observed that the shape of B-H loop can be significantly influenced by the DC bias flux density.
The hysteresis loss originates from the magnetisation process described above at a microscopic scale. In other words, the hysteresis loss represents the power consumed by the magnetic domains for changing the magnetisation orientation or shape.
The classical eddy current loss is a type of resistance loss caused by the induced electromagnetic force (EMF) in the material. As shown in Fig.1.4, when the flux density changes with time, an EMF is induced in the material. Current and relevant loss are consequently produced if the material is conductive. This loss is termed as the classical eddy current loss [BER88] [BER91]. 
The excess loss is the dynamic loss of the Weiss domains when a variable magnetic field is applied to the magnetic material. In a simple point of view, this kind of loss is caused by the discontinue movement of the domain walls [BER85] [BOG03].
In some more recent studies, it is concluded that the contribution of classical eddy current loss and the excess loss cannot be separated. Therefore, a global eddy current loss is presented for an engineering approach [BOG03] [ION06]. Therefore, the iron losses can be considered as the sum of hysteresis and eddy-current contributions. 
[image: ]
Fig.1.1 [bookmark: _Ref402690955][bookmark: _Ref489704272]The magnetisation of soft magnetic material.
[image: ]
Fig.1.2 [bookmark: _Ref402092462][bookmark: _Ref489704289]B-H loops of soft magnetic material.
 [image: ]
Fig.1.3 [bookmark: _Ref489704303]B-H loops at different DC bias flux density.
[bookmark: _Ref402092484][image: ]
Fig.1.4 [bookmark: _Ref398215436][bookmark: _Ref403065841][bookmark: _Ref489704321]Eddy current circuit in steel sheets.
[bookmark: _Toc498330414][bookmark: _Toc413590634]1.2 Iron Loss in Electrical Machines
[bookmark: _Toc498330415]1.2.1 Loss Behaviour of Electrical Machines
The loss behaviour of electrical machines varies from different machine topology, mechanical structure, operation conditions and manufacturing process. Fig.1.5 shows the typical loss percentages of three different electrical machines. The winding copper loss is the major loss for larger and lower speed electrical machines. The iron loss becomes dominating when the speed of electrical machine increases since the magnetic field in the machine changes fast. For most of the electrical machines, iron loss is one of the major losses. Therefore, it is very important to investigate the nature of iron loss in electrical machines. Generally, the iron loss is affected by many factors in electrical machines. Some of the major influential factors can be listed as [TAK12] [ZHU16] [MA16] [SCH14] [ROS05] [YAM13]:
· Frequency
· Machine topology
· Slot and pole number combination
· Winding arrangement
· Temperature
· PWM
· Geometry
· Manufacturing process
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	(a)
	(b)
	(c)
	


Fig.1.5 [bookmark: _Ref489704333]Typical loss percentages of electrical machines. (a) 11kW, 1,470rpm induction machine (IM) [KRI12]. (b) 6kW, 8,200rpm permanent magnet synchronous machine (PMSM) [ZHA15]. (c) 5.1kW, 45,000rpm switched reluctance machine (SRM) [MIN12].
[bookmark: _Toc498330416]1.2.2 Machine Topology
The topology of electrical machines can influence the iron loss significantly. In [DOR10], the comparison of iron losses of three different machines is carried out. A 48-slot/8-pole interior permanent magnet (IPM) machine, a 48-slot/8-pole induction machine (IM) and an 18-stator-pole/12-rotor-pole switched reluctance machine (SRM) are compared, as shown in Fig.1.6. The iron losses at 1,500rpm 300Nm and at 6,000rpm 50Nm are presented in Fig.1.7. It can be observed that the iron losses of different machines vary significantly although their output powers keep constant. The SRM has the highest iron loss due to the relative higher frequency caused by the higher rotor pole number as well as more dramatic flux variation in the rotor. The iron loss of the IPM machine is higher than that of the IM at the same output torque and operating speed due to higher stator and rotor core volume. Generally, the topology influences on the iron loss can be concluded as some common factors as [SIT01] [MI03] [TAK12]:
· Flux density distribution of frequency and amplitude 
· DC bias flux density caused by different excitation
· Flux density distortion caused by MMF harmonics
· Flux density rotational status
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	(a)
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Fig.1.6 [bookmark: _Ref489704348]Different topologies of electrical machines [DOR10]. (a) 48-slot/8-pole IPM. (b) 48-slot/8-pole IM. (c) 18 stator-pole/12-rotor-pole SRM. 
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Fig.1.7 [bookmark: _Ref489704353]Iron losses of machines in [DOR10] with different topologies. (a) 1,500rpm, 300Nm. (b) 6,000rpm, 50Nm.
[bookmark: _Toc498330417]1.2.3 Slot and Pole Number Combination
The iron loss of electrical machines can be affected by the slot and pole number combination. On one hand, different slot and pole number combinations result in different MMF spatial harmonics. On the other hand, the flux density frequency in the electrical machine is determined by the pole number, which influences the iron loss significantly. The iron loss of IPM machines with different slot and pole number combinations is investigated in [HAN10] as shown in Fig.1.8. Both the stator and rotor iron losses vary with the slot number per pole pair. This is due to different flux distributions and different MMF harmonic contents. The slot and pole number combination influences on the iron loss can be concluded as common factors as [SEO09] [ZHU16]:
· Flux density distortion caused by MMF harmonics
· Flux density frequency
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	(a)
	(b)


Fig.1.8 [bookmark: _Ref489704373]Iron losses of IPM machines with different slot and pole number combinations at 7,200rpm, I=85.3A [HAN10]. (a) Stator iron loss. (b) Rotor iron loss.
[bookmark: _Toc498330418]1.2.4 Winding Arrangement
The iron loss of electrical machines with different windings is investigated in [MA16]. The different winding arrangements and iron losses are shown in Fig.1.9 and Fig.1.10. It can be seen from Fig.1.10 that the fully pitched winding switched reluctance machine (FPSRM) has the highest stator iron loss while the double-layer mutually coupled switched reluctance machine (MCSRM) has the lowest stator iron loss when the phase current is low. This is because the FPSRM has the most dramatic variation of both stator and rotor flux densities. However, with the increase of phase current, the iron loss increasing rates of machines vary with different windings, due to different saturations caused by different MMF spatial harmonics. 
In [AZA10], 12-slot/10-pole PM machines with different rotor topologies and winding arrangements are compared in terms of iron losses. The iron losses are shown in Fig.1.11. It is concluded that the single-layer winding causes larger iron loss than the double-layer winding due to greater air gap flux density sub-harmonics. The harmonic analyses are shown in Fig.1.12. In [YAM09], iron losses of PM machines with concentrated and distributed windings are compared, as shown in Fig.1.13, and the different iron loss natures of PM machines with concentrated or distributed windings are caused by different MMF harmonics and the flux density distributions in the stator and rotor cores.
The influences of winding arrangements on the iron loss can be summarised as the following common factors [AZA10] [WU16]:
· Flux density distribution of frequency and amplitude 
· Flux density distortion caused by MMF harmonics
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	(d)
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Fig.1.9 [bookmark: _Ref489704473]Windings of SRMs [MA16]. (a) Conventional SRM (CSRM). (b) Double-layer mutually coupled SRM (MCSRM). (c) Fully pitched winding SRM (FPSRM). (d) Single-layer CSRM (SLCSRM). (e) Single-layer MCSRM (SLMCSRM).
[image: ]
Fig.1.10 [bookmark: _Ref489704474]Iron losses of machines with different windings [MA16].
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(a)
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(b)
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(c)
Fig.1.11 [bookmark: _Ref492288517]Iron losses of PM machines with different windings [AZA10]. (a) SPM. (b) I-shape IPM. (c) V-shape IPM.
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Fig.1.12 [bookmark: _Ref492288634]Full load airgap flux density harmonics of PM machines with different windings [AZA10]. (a) Single-layer. (b) Double-layer.
[image: ]
Fig.1.13 [bookmark: _Ref492288989]Iron losses of PM machines with concentrated and distributed windings at 6,000rpm, I=300A [YAM09].
[bookmark: _Toc498330419][bookmark: OLE_LINK151]1.2.5 Temperature
[bookmark: _GoBack]In some applications, such as electric vehicles (EV) or hybrid electric vehicles (HEV), electrical machines usually operate in a wide temperature range from -40ºC to 120ºC [STU17] [ZHA17]. More importantly, it is widely reported that the iron loss varies with temperature significantly [LAR11] [MAT85] [FOS86] [LEH88] [SAI05] [MIY10] [SCH13]. 
By way of example, in [SCH13], the temperature dependency of iron loss of a 6.3kW synchronous machine is experimentally confirmed. The result shown in Fig.1.14 indicates that the iron loss decreases significantly with the temperature rise in the electrical machine. This is mainly due to the decrease of eddy current loss caused by increased resistivity of stator and rotor core laminations.
[image: ]
Fig.1.14 [bookmark: _Ref489704519]Temperature dependency of iron loss of a 6.3kW synchronous machine [SCH13].
[bookmark: _Toc498330420]1.2.6 PWM
In actual drive systems, electrical machines are usually fed by pulse width modulation (PWM) inverters. In this case, the flux density waveform of electrical machines can be significantly distorted from sinusoidal as shown in Fig.1.15. On one hand, the minor hysteresis loops occur in the B-H loops as described in Section 1.1, which cause additional hysteresis loss in the stator and rotor cores. On the other hand, the flux density harmonics also result in the increase of eddy current loss [ROS05]. Fig.1.16 shows the iron losses of an electrical machine fed by a sinusoidal power source or a PWM inverter [UGA09]. It can be observed that the iron loss of the electrical machine fed by a PWM inverter is much higher than that by a sinusoidal power source. Furthermore, with the decrease of the inverter’s switching frequency, the iron loss increases dramatically as it investigated in [KRI13b] and shown in Fig.1.17. In some circumstances, the iron loss of an electrical machine fed by a PWM inverter can be over three times higher than that fed by a sinusoidal power source [CHA68]. According to the previous studies, the influences of PWM on the iron loss can be concluded as [NEW78] [MUR83] [BOG91] [BOG94] [SWA96] [YAM09b]:
· Flux density distortion caused by MMF harmonics
[image: ]
Fig.1.15 [bookmark: _Ref489704539]Flux density waveform at different point of a 12-slot/10-pole PM machine fed by a PWM inverter, fundamental frequency f=100Hz, switching frequency fs=1kHz [XUE17b].
[image: ]
Fig.1.16 [bookmark: _Ref489704559]Iron losses of an electrical machine fed by sinusoidal power source or by PWM inverter at switching frequency fs=4kHz [UGA09].
[image: ]
Fig.1.17 [bookmark: _Ref489704577][bookmark: OLE_LINK131]Iron losses of a stator core at a fundamental frequency f=50Hz with different switching frequency [KRI13b].
[bookmark: _Toc498330421]1.2.7 Geometry
The flux density distribution and harmonic content can vary with different geometry of the stator or the rotor, and subsequently affect the iron loss. In [YAM13], a rotor structure optimization is carried out based on a 70kW IPM machine as shown in Fig.1.18. Fig.1.19 presents the iron losses of the machines with the initial or the optimized rotor structures. The stator iron loss caused by the magnet decreases dramatically with the optimization since the harmonic content of magnet MMFs is reduced. The mechanical structure influence on the iron loss is also reported in many previous studies [LEE02] [ALB12] [WU14] [WAN14]. It is concluded that the mechanical structure influences on the iron loss are due to some major common factors as:
· Flux density distortion caused by MMF harmonics
· Flux density distribution of frequency and amplitude
· Flux density rotational status
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	(a)
	(b)


Fig.1.18 [bookmark: _Ref489704594]Different rotor structures of 70kW interior permanent machines in [YAM13]. (a) Initial. (b) Optimized.
[image: ]
Fig.1.19 [bookmark: _Ref489704600]Iron losses of machines with different rotor structure at 10,000rpm, I=300A [YAM13].
[bookmark: _Toc498330422]1.2.8 Manufacturing Process
According to the studies in [NAK92] [GRE08] [MIY09] [MAN14], the iron loss can be affected by the manufacturing process such as the housing method of machines or the cutting method of steel laminations. In [MIY09], the iron losses of machines with or without the shrink fitting house are investigated. It is concluded that large compressive stress is impressed to the back yoke caused by the shirk fitting house, which changes the iron loss distribution shown in Fig.1.20 and then causes the iron loss to increase as shown in Fig.1.21. 
In [MAN14], two types of steel laminations manufactured by mechanical cutting and by laser cutting are compared as shown in Fig.1.22. The laser cutting leads to higher values of losses, because of the local thermal stresses that change the crystallographic texture at the edge of the strip [MAN14]. In some other studies, it also indicates that different cutting method for the steel laminations can affect the stress on the edge of the laminations, then influence the iron loss [BOZ51] [MOS79] [ALI97] [DAI06] [MIY09] [MIY10]. Therefore, the manufacturing process influences on the iron loss can be concluded as the common factor as:
· Mechanical stress on stator or rotor cores
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	(a)
	(b)
	


Fig.1.20 [bookmark: _Ref489704624]Iron loss distributions with or without shrink fitting house outside the stator [MIY09]. (a) Without shirk fitting. (b) With shrink fitting.
[image: ]
Fig.1.21 [bookmark: _Ref489704633]Iron losses with or without shrink fitting house [MIY09].
[image: ]
Fig.1.22 [bookmark: _Ref489704642]Iron losses of steel laminations manufactured by mechanical cutting and laser cutting [MAN14].
[bookmark: _Toc498330423]1.2.9 Summary of Influential Factors
According to the review on the iron loss in electrical machines above. Different influential factors in electrical machines have some common influential factors on the iron loss. For example, both the slot and pole number combination and winding arrangement can influence the MMF harmonics and then the iron loss. On the other hand, one influential factor in electrical machine can also affect the iron loss in different ways. For example, the mechanical structure of the machine can influence the MMF harmonic, the flux density distribution of frequency and amplitude as well as the flux density rotational status. These influential factors in electrical machine can be summarised in Fig.1.23. The common influential factors can also be listed as:
· Temperature
· Flux density frequency
· Flux density amplitude
· DC bias flux density
· Flux density distortion
· Flux density rotational status
· Mechanical stress
For the iron loss calculation of electrical machines, the problem becomes how to define the common influential factors and then to model them by iron loss models. The modelling of these common factors will be introduced later in this chapter. Some of these major influential factors will also be modelled in the following chapters of this thesis.
[image: ]
Fig.1.23 [bookmark: _Ref489704656]Summery on iron loss influential factors of electrical machines.


[bookmark: _Toc498330424]1.3 Iron Loss Models for Electrical Machines
In order to predict the iron loss accurately, proper iron loss models are required. According to the latest study on the iron loss modelling, there are two main methods to model the iron loss in soft magnetic materials i.e. the mathematical hysteresis models and the empirical models. 
[bookmark: _Toc498330425]1.3.1 Mathematical Hysteresis Models
The aim of the mathematical hysteresis models is to directly express the shape of the B-H loop by mathematical equations, rather than calculate the losses according to their origins. The iron loss can be then obtained by calculate the area of the B-H loops. Different mathematical hysteresis models have been developed. The Preisach model [PRE35] and the Jiles-Atherton model [JIL86] [JIL94] are two of the most commonly used mathematical hysteresis models. 
The Preisach Model
In the Preisach model, the magnetisation  at time  is expressed as [PRE35]:
	
	(1.1)


where  is the weighting function which can be obtained by measurement results.  is the hysteresis operator represented by the rectangular loop shown in Fig.1.24. The operator can be expressed as:
	
	(1.2)


where  if the last time  was  and  if the last time  was .
In different   range, values of weighting function  are different. The idea of Preisach model is to calculate the output as a sum of weighted basis operators. The accuracy of the Preisach model can be guaranteed if proper weighting functions  are applied in each   range and the partitions  and  are fine enough. However, large amount of experiments must be done to determine the weighting functions. The Preisach model also suffers from the complex modelling and the time-consuming calculation process, which could result in lack of applications [BAR04].
[image: ]
Fig.1.24 [bookmark: _Ref489704672]Operator in the Preisach model.
The Jiles-Atherton Model
In the Jiles-Atherton model, the hysteresis function is separated into two parts, i.e. the reversible and the irreversible magnetisations [JIL86]. The total magnetisation  can be obtained by the sum of contributions of irreversible  magnetisation and reversible magnetisation  components:
	
	(1.3)


The irreversible component  is caused by loss processes of domain walls. The reversible component  is due to lossless processes of domain walls. The two components of magnetisation can be expressed as:
	
	(1.4)

	
	(1.5)

	
	(1.6)


where , , ,  and  are the parameters determined by the experimental results.  is the directional parameter.  when  increases and  when  decreases.
The Jiles-Atherton model links the parameters of the equations to the behaviour of soft magnetic material, which provides physical background. Furthermore, only five parameters should be determined in the Jiles-Atherton model instead of the large amount of weighting functions in the Preisach model. However, the determination process of the parameters in the Jiles-Atherton model is very complicated as reported in some studies [LED99] [TOM08], which makes it very difficult to implement.
Summary
According to the review on mathematical hysteresis models above, some features of different mathematical hysteresis models can be listed in Table 1.1. Although the mathematical hysteresis models benefit from good accuracy, some common limitations of the mathematical hysteresis models can be listed as follows:
· Time-consuming calculation process
· Plenty of parameters for the model must be identified
· The complicated process of determination of parameters
· Huge amount of experimental data is required
· Lack of physical background
All these limitations make the mathematical hysteresis models impractical in iron loss prediction for electrical machines. 


TABLE 1.1. Features of mathematical hysteresis models
	Models
	Features

	
	Advantages
	Disadvantages

	Preisach Model
	· Good accuracy if the partition is fine enough.
· Simple expression.
	· Plenty of weighting functions for the model must be identified.
· Lack of physical background.
· Time-consuming calculation process.

	Jiles-Atherton Model
	· Good accuracy if parameters are determined well.
	· Complicated process of determination of parameters.
· Time-consuming calculation process.


[bookmark: _Toc498330426]1.3.2 Improvements Based on Mathematical Hysteresis Models
Since good accuracies can be achieved if enough measurement data of the material is available by using mathematical hysteresis models, they have been evolved to many forms to consider different influential factors. The related references on improvements of mathematical hysteresis models are shown in Table 1.2. For the Preisach model, improvements are done on the influences of temperature [RUG98] [BER14][CIM06], DC bias flux density [FUZ03], flux density distortion [VAJ92] [PAR97] [BAR04], mechanical stress [BER91b] [KTE12] and flux density rotational status [ADL97] [HAN15]. On the other hand, many improvements also have been done based on the Jiles-Atherton model such as on the influence of temperature [WIL02] [RAG09] [RAG10], DC bias flux density [BI99] [DON10] [WAN16], flux density distortion [CAR91] [JIL92] [BAG15], mechanical stress [MIE11] [RAS17] and flux density rotational status [BER96] [LEI09] [COE13].


TABLE 1.2. Improvements on mathematical hysteresis models
	Influential Factors
	Preisach Model
	Jiles-Atherton Model

	Temperature
	[RUG98]
[BER14]
[CIM06]
	[WIL02]
[RAG09]
[RAG10]

	DC Bias Flux Density
	[FUZ03]
	[BI99]
[DON10]
[WAN16]

	Flux Density Distortion
	[VAJ92]
[PAR97]
[BAR04]
	[CAR91]
[JIL92]
[BAG15]

	Mechanical Stress
	[BER91b]
[KTE12]
	[MIE11]
[RAS17]

	Flux Density Rotational Status
	[ADL97]
[HAN15]
	[BER96]
[LEI09]
[COE13]


[bookmark: _Toc498330427]1.3.3 Empirical Models
The mathematical hysteresis models suffer from the complex modelling process and lack of physical background. Alternatively, empirical engineering approaches based on loss separation are widely investigated and applied. Instead of expressing the physical phenomena of the hysteresis process directly by complicated equations, the aim of empirical models is to find out the relationship between iron losses and variables such as flux density and frequency. In empirical models, the iron loss is separated into different loss contributions according to their origins (the hysteresis losses, classical eddy current losses and excess losses for example).
The first empirical model for the iron losses in soft magnetic materials was developed by Steinmetz over 100 years ago [STE92], who considered the iron loss as the combine contribution of the hysteresis loss and the classical eddy current loss. The prediction of the excess loss is discussed by Pry and Bean in [PRY58] for the first time. In spite of its remarkable achievements, the Pry and Bean model turns out to be of limited validity. This is mainly due to its highly idealized character [BER88]. Bertotti presented a new iron loss model including the hysteresis loss, classical eddy current loss and excess loss [BER88]. In [FIO90], the classical eddy current loss and the excess loss are expressed in differential form in order to adapt the non-sinusoidal flux density. In [BOG03], it is concluded that the contribution of the classical eddy current loss and the excess loss cannot be separated. Therefore, the classical eddy current loss and the excess loss are combined as a global eddy current loss in [BOG03]. A two-term iron loss model which including the hysteresis loss and the global eddy current loss is then presented. In this section, four of the most widely used iron empirical models are reviewed. 
The Bertotti’s Model
In [BER88], iron loss is expressed by the three-term formula, which includes the hysteresis loss, the classical eddy current loss and the excess loss:
	
	(1.7)


where  is the amplitude of the flux density.  and  are the hysteresis loss coefficients.  is the classical eddy current loss coefficient.  is the excess loss coefficient. The coefficients can be obtained by the curve fitting of the test results at different flux density and frequency.
In the Bertotti’s model, iron loss is separated into three components according to their origins, which provides a good physical background. The Bertotti’s model has been widely used, and some of the applications can be found in [ELL96], [NER02] and [KOW15]. However, the limitation of the Bertotti’s model is that four coefficients must be determined for applying it. Many iron loss test results are required to determine these coefficients.
The Fiorillo’s Model
In [FIO90], the hysteresis loss coefficient is obtained by fitting the hysteresis loss test result under a DC hysteresis test. The classical eddy current loss is calculated by the properties of the steel laminations. The excess loss coefficient can be obtained by the curve fitting of the test results. This iron loss model can be expressed as:
	
	(1.8)


where  and  are the electrical conductivity and the thickness of the lamination.  is the time period of the flux density waveform.
The classical eddy current loss and the excess loss are expressed as integral form in the Fiorillo’s, which can consider the dynamic process of the eddy current. Some of the applications of the Fiorillo’s model can be found in [ATA92] [TOD05] and [ROD14]. However, special DC hysteresis test apparatuses are required to determine the hysteresis loss coefficient of this model. Furthermore, many AC iron loss tests are also required for the determination of . All these inconveniences restrict the potential usage of this model.
The Boglietti’s Model
It is concluded in [BOG03] that the contributions of the classical eddy current loss and the excess loss cannot be separated. Alternatively, a two-term iron loss model is developed, where the classical eddy current loss and excess loss in the three-term model are combined into a global eddy current loss. This model can be expressed as:
	
	(1.9)


Only two loss coefficients should be determined in this model. The coefficients can be obtained by the steel lamination test results at several sets of frequency  and flux density , which makes this model very easy to implement [YAM06] [YAM09]. 
The Ionel’s Model
The iron loss coefficients are very important for the empirical iron loss models. All the iron loss models described above assume that the loss coefficients are constant. However, it is reported in some recent studies that the coefficients are variable of flux density and frequency. Iron loss models with constant coefficients give rise to substantial error in specific frequency and flux density range [ION06] [ION07] [SEO09] [SEO10]. Therefore, in [ION07], variable hysteresis loss and eddy current loss coefficients are proposed. This model can be expressed as:
	
	(1.10)


where  and  are hysteresis and eddy current losses coefficients, which are variables with frequency  and flux density .
The Ionel’s model benefits from high accuracy with the help of variable coefficients, which makes it is widely used in [BOG09], [FEN09], [POP10] and [LI16]. However, more experimental results are required for modelling the variable coefficients compare to the Boglietti’s model. 
Summary
According to the review on different empirical models above, some of their features can be summarised and listed in Table 1.3.
TABLE 1.3. Features of empirical models
	Models
	Features

	
	Advantages
	Disadvantages

	Bertotti’s Model
	· Solid physical background.
	· Five coefficients must be determined.
· Many test results are required.

	Fiorillo’s Model
	· Dynamic process of the eddy current is considered by the integral form expression.
	· DC hysteresis tests and special test equipment are required.
· Many AC iron loss tests are also required.

	Boglietti’s Model
	· Only two coefficients should be determined.
· Very easy to implement.
	· Relative low accuracy compares to three-term models.

	Ionel’s Model
	· High accuracy with the help of variable coefficients.
	· More test results are required compare to the Boglietti’s model.


[bookmark: _Toc498330428]1.3.4 Improvements Based on Empirical Models
As it described in Section 1.2, there are many factors can influence the iron loss. Numerous studies have been done based on the empirical models for considering different influences factors. In this section, the investigations on modelling these influential factors based on empirical models are introduced.
Temperature
In [LAR11], the phenomena of the iron loss variation with temperature is presented. However, no further analysis or modelling is carried out. In some recent studies, the temperature influence on the iron loss are investigated in different material. In [WIL02] and [RAG09], the temperature dependency of iron loss in cobalt ferrite cores for switching power devices is investigated. The temperature influence of iron loss in Ni-Fe laminations is analysed in [KRI13]. In [ROU98], the temperature dependency of the iron loss in Mn-Zn ferrite material is experimentally confirmed. In the steel laminations for electrical machines, the temperature dependency of iron loss is investigated based on oriented silicon laminations [FOS86] and non-oriented silicon laminations [TAK10] [TAK11], respectively. However, none of the studies described above has modelled the temperature dependency of iron loss for steel laminations.
The modelling of temperature influence on the eddy current loss is discussed in [SAI05], [SCH13] and [CHE15] based on the Boglitti’s model. A temperature dependent resistivity is introduced to the eddy current loss, which makes the eddy current loss temperature dependent. The model can be expressed as:
	
	(1.11)

	
	(1.12)


where  is the modified eddy current coefficient.  is the resistivity of the steel lamination at temperature .  is the temperature coefficient provided by steel lamination manufacturers.
By applying the model (1.11) to the iron loss calculation, the predicted iron loss varies with the temperature. The temperature influence on iron loss can be partly considered. However, according to the previous study [TAK10] [TAK11], it has been experimentally confirmed that both the hysteresis and eddy current losses are influenced by temperature. Furthermore, the hysteresis and eddy current losses have different temperature dependencies. The temperature dependency of the hysteresis loss is not modelled in either [SAI05], [SCH13] or [CHE15]. None of the existing iron loss models can fully consider the temperature dependencies of both hysteresis and eddy current losses, which is necessary in order to predict the iron loss accurately. 
DC Bias Flux Density
In actual electrical machines, the DC bias flux density exists in many types of electrical machines such as permanent magnet synchronous machines (PMSM), brushless DC machines (BLDC), switched reluctance machines (SRM) and variable flux reluctance machines (VFRM) etc. The shape of B-H loops is significantly influenced by the DC bias flux density as shown in Fig.1.3. This is due to the fact that the permeability of the soft magnetic materials is changed when DC bias flux density exists [WOO81] [ZHA95] [ENO00]. The iron loss is then influenced.
The first expression for the iron loss under DC bias flux density is reported in [WOO81]. Investigations on the DC bias flux density influence are carried out in different material such as Mn-Zn ferrite core [BAG12] and low-temperature co-fired ceramic (LTCC) ferrite material [MU13]. In the steel laminations for electrical machines, the iron loss under DC bias flux density is investigated and modelled in [LAN05]. However, since the iron losses under different DC bias flux densities are defined as independent with each other in this model, plenty of measurements must be done to calculate the coefficients at each condition. This makes the model developed in [LAN05] impractical. To make the iron loss model practical, a coefficient is introduced to describe the ratio between the iron losses with and without DC bias flux density in [SIM09], the model can be expressed as:
	
	(1.13)

	
	(1.14)


where  is the iron loss density.  is the DC bias flux density dependent coefficient, which represents the ratio between hysteresis losses with and without DC bias flux density.  and  are the DC bias coefficients and can be obtained by fitting the measured results.
In [ZHU14], a three-term DC bias dependent coefficient is introduced, the DC bias dependent coefficient can be expressed as:
	
	(1.15)


where ,  and  are the DC bias coefficients.
According to the previous research on the DC bias flux density and temperature influence the iron loss. The permeability of soft magnetic material is affected by both the DC bias flux density and temperature [TAK10] [SIM09]. However, none of the existing iron loss models can consider the combine influence of DC bias flux density and temperature, which is desirable for the accurate prediction of iron loss.
Flux Density Distortion
In electrical machines, the flux density can be distorted from sinusoidal. The potential causes of the distortion can be MMF harmonics due to machine topology, slot and pole number combination, winding arrangement and current ripple caused by PWM inverters as described in Section 1.2. The flux density distortion can affect iron loss significantly. On one hand, distorted flux density causes hysteresis minor loops within the major loops as illustrated in Section 1.1, which introduces additional hysteresis loss [LAV78]. Furthermore, the presence of harmonic components of flux density will also introduce additional eddy current loss [NEW78].
The first study on the iron loss variation by the distorted flux density is reported in [THO21], where some test results and are shown. The influence of the flux density distortion on iron loss is also reported in [MOS83] [LAN01] [LAN05]. The relationship between hysteresis losses with and without minor loops is systematically investigated and modelled in [LAV78]. This method can be expressed as:
	
	(1.16)

	
	(1.17)


where  is the coefficient considering the influence of hysteresis minor loops.  is the coefficient depending on lamination properties.  is the amplitude of the fluctuated flux density as shown in Fig.1.25.
[image: ]
Fig.1.25 [bookmark: _Ref489704729]Flux density distortions and hysteresis minor loops.
Mechanical Stress
In [ALI97], the mechanical stress influences on the hysteresis loss and the excess loss are modelled based on the Bertotti’s model. The classical eddy current loss is considered as independent from mechanical stress. The model can be expressed as:
	
	(1.18)


where ,  and  are the stress dependent coefficients and can be described by:
	
	(1.19)

	
	(1.20)

	
	(1.21)


where ,  and  are the loss coefficients corresponding to the condition without stress. ,  and  are the stress constants that can be determined by experimental data.
Many test results are required to determine the stress dependent coefficients of the model in [ALI97]. Furthermore, the test procedure is complicated, and special test apparatus are required as will be demonstrated in Section 1.4. It is very difficult to implement the model developed by [ALI97]. In [YAM13], a simplified model which requires less experimental measurement is proposed. Stress dependent coefficients are introduced to hysteresis and eddy current losses. The stress dependencies of the hysteresis and the eddy current losses are considered as the same, which makes this model much simpler. This model is expressed as:
	
	(1.22)


where , and  are the stress dependent coefficients.  and  are the iron losses in the condition that the stress is zero.
This model provides a clear relationship between iron loss and mechanical stress. The typical variations of the stress dependent coefficients with stress and flux density are shown in Fig.1.26. In this model, the influence of tensile stress on the iron loss is neglected. This is due to the fact that the tensile stress has little effect on the B-H loops compared to the compressive stress as shown in Fig.1.27 [ZEZ12]. This phenomenon is also reported in [DAN17]. This assumption makes the model very easy to implement while having a good accuracy, it has been widely applied in [BER15] [PAR16] [DAN17] [RAS17].
[image: ]
Fig.1.26 [bookmark: _Ref489704749]Typical variation of the coefficients with stress in [YAM03].
	

	


	(a)
	(b)


Fig.1.27 [bookmark: _Ref492221807]Measured B-H loops of steel laminations under different stresses [ZEZ12]. (a) Compressive stress. (b) Tensile stress.
Flux Density Rotational Status
All the iron loss models described above are developed based on the assumption that the flux density is alternating. However, in actual electrical machines, flux density can be rotational. The iron loss models for alternating flux density will be inaccurate when applying to the electrical machines [ZHU93]. As it reported in [BER91], the predicted iron loss based on alternating flux density can be 20% lower than the measured losses.
In [STR62], an iron loss mode is proposed to consider the flux density rotation. A coefficient is introduced into the model for alternating flux density to express the iron loss increase caused by the flux density rotation. This modelling method is also used in [BER91]. In [FIN94], the rotational flux density is decomposed into x-axis and y-axis components as shown in Fig.1.28. The iron losses at each component can be calculated respectively. The total iron loss for rotational flux density is then obtained by the sum of iron losses at these two components. This model can be expressed as:
	
	(1.23)


where  is the total iron loss.  and  are iron losses at  and  axes, respectively.
The accuracy of this model can be guaranteed when the locus of rotational flux density is circle. However, the loci of rotational flux density in electrical machines are usually ellipse. As reported in some studies, iron loss under rotational flux density is smaller than the sum of losses in x and y components in non-oriented (NO) steel laminations. Iron loss under rotational flux density is larger than the sum of losses in x and y components in grain-oriented (GO) steel laminations [ENO90]. 
In [ZHU98] and [GUO08], it is concluded that the hysteresis loss is dependent on the ellipticity of the locus of the rotational flux density. This dependency is then modelled as:
	
	(1.24)


where  is the axis ratio of the flux density.  and  are the major and minor axes of the flux density elliptical locus as shown in Fig.1.28.  is the alternating loss with flux density .  is the rotational loss when the flux density locus is a circle with a radius of .
By using this model, the influence of flux density rotational status on the iron loss can be fully considered. However, special x-y axis test apparatuses and measuring procedures are needed to measure iron losses at different ellipticities. Furthermore, many test results are also required to apply this model.
In [MI03], the rotational flux density is decomposed into the major-minor axis as shown in Fig.1.28. The major-axis is aligned with the long side of the rotational flux density locus while the minor-axis is aligned with the short side of the rotational flux density locus. This model can be expressed as:
	
	(1.25)


where  and  are the iron loss components at major and minor axes, respectively.
Due to the good accuracy and feasibility, this method is widely used in iron loss prediction of electrical machines [DOM04] [CAL05] [YAM09]. 
[image: ]
Fig.1.28 [bookmark: _Ref489704768]Rotational flux density and its decompositions.
Summary
According to the review above, the empirical models have been evolved into many different forms to consider different influential factors. These studies based on empirical models can be summarised as Table 1.4.


TABLE 1.4. Improvements based on empirical models.
	Influential Factors
	Bertotti’s Model
	Fiorillo’s Model
	Boglietti’s Model
	Ionel’s Model

	Temperature on Eddy Current
	
	[SCH13]
[CHE15]
	
	

	DC Bias Flux Density
	
	
	[CHA05]
[SIM09]
[ZHU14]
	

	Flux Density Distortion
	[CAL05]
[TAI15]
	
	[BOG09]
[HAN10]
	[BOG10]

	Mechanical Stress
	[ALI97]
[TAK08]
	
	[YAM13]
[YAM14]
	

	Flux Density Rotational Status
	[CAL05]
	[ZHU98]
[GUO08]
	
	


[bookmark: _Toc498330429]1.3.5 Conclusions
According to the review on the iron loss models for electrical machines in this section, comprehensive studies on the iron loss models have been done. However, some aspects of research based on empirical models are still open and desirable to be further investigated, which can be listed as:
· Comparison of iron loss models under different conditions
· The modelling of temperature dependency of the iron loss
· The combine influence of the DC bias flux density and temperature
· The effect of flux density distortion considering temperature influence
· Iron loss model for arbitrary flux density considering temperature influence


[bookmark: _Toc498330430]1.4 Iron Loss Measurement
For the investigation and further modelling of the iron loss, accurate measurement techniques are required. In this section, techniques for the iron loss measurement in steel laminations are reviewed at first. The methods for measuring the iron loss in electrical machines are also introduced in this section.
[bookmark: _Toc498330431][bookmark: OLE_LINK128]1.4.1 In Steel Laminations
Epstein Frame
The Epstein frame is designed for measuring the iron loss of steel lamination samples [IEC08]. The photo of a typical Epstein frame tester is shown in Fig.1.29. The Epstein frame contains a primary coil, a secondary coil and steel lamination samples as shown in Fig.1.30(a). The circuit diagram of the system is given by Fig.1.30(b). When the primary coil is powered by an AC power source, the iron loss of the steel lamination samples can be calculated by:
	
	(1.26)


[bookmark: OLE_LINK193][bookmark: OLE_LINK194]where  and  are the numbers of turns of primary and secondary windings, respectively.  is the reading of the wattmeter shown in Fig.1.30(b).  is the resistance of the secondary coil.  is the average voltage of the secondary coil.
The test laminations must be manufactured strictly according to the required diameters for using the Epstein frame. Furthermore, it is complicated to insert test samples into the Epstein frame, which can take much time of users [YAM74].
[image: ]
Fig.1.29 [bookmark: _Ref489704817]Photo of Epstein frame [KRI15].
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	[bookmark: _Ref403062412](a)
	(b)


Fig.1.30 [bookmark: _Ref489704829]Epstein frame and circuit diagram of the test system [IEC08].
Ring Specimen Test
In order to overcome the disadvantages of the Epstein frame, the ring specimen test is proposed in [AGA59]. The ring specimen test has the same principle with the Epstein frame test but much easier to implement. Therefore, the ring specimen test is widely used for measuring the iron loss in steel laminations [BOG03] [CHA05] [ROG14] [KRI15]. The comparisons of the Epstein frame and the ring specimen test are carried out in [MOS83], [ESP10] and [KRI15].
As shown in Fig.1.31, the ring specimen is wounded by the excitation coil and the measuring coil. The excitation coil is supplied by an AC power source. The measuring coil is wounded together with the excitation coil and connected to the oscilloscope to measure the induced voltage. Thus, the voltage drop on the excitation coil’s resistance is excluded in the measured induced voltage. The current in the excitation coil is measured by the current probe. The iron loss density , the field strength  and the flux density can be calculated as:
	
	(1.27)


where  is the iron loss density.  is the instant induced voltage of the measuring coil. is the instant current in the excitation coil.  is the time period of the current and the voltage.  and  are the mass density and the volume of the ring specimen, respectively.
[image: ]
Fig.1.31 [bookmark: _Ref489704866]Ring specimen test system [XUE16].
[bookmark: OLE_LINK129][bookmark: OLE_LINK130][bookmark: OLE_LINK162]Measurement at Different Temperature
To investigate the temperature influence, iron loss should be measured at different temperature. The specimen can be put into a temperature chamber as shown in Fig.1.32. The specimen can be then heated to specific temperatures in the chamber. This method is also used in [SHE07] [MUH12] and [KRI13]. However, the heat transfer between the steel laminations and the environment in the chamber takes much time, which makes the test procedure very time consuming. The additional temperature chamber will also increase the cost and the inconvenience for setting up the test system. 
[bookmark: OLE_LINK145]In order to overcome the disadvantages of test solution based on temperature chambers, a test technique based on self-heating is introduced in [TAK10]. The iron loss is utilized to heat up the ring specimen to any designated temperature higher than the room temperature. A thermal couple is installed on the steel laminations to monitor the temperature. Iron loss can be measured when the designated temperature is reached. As the electromagnetic time constant is much smaller than the thermal time constant for this system. It only takes a few seconds to stabilize the voltage and current and record these on the oscilloscope. During this period, the change of temperature is so small that it can be neglected. This method is also used in [TAK11] [TAK12] and [XUE16].
[image: ]
Fig.1.32 [bookmark: _Ref489705204]Iron loss test rig and temperature chamber [CHE15].
DC Bias Flux Density Generation
[bookmark: OLE_LINK135]In order to generate DC bias flux density in the steel lamination, an additional coil with DC current should be wounded to the ring specimen as shown in Fig.1.33. However, when the AC flux density alternates in the ring specimen, significant current ripple will be induced in the DC coil as shown in Fig.1.34. An inductor serially connected to the DC coil as shown in Fig.1.33 can slightly improve the current waveform. However, the current ripple can be still significant when the frequency or amplitude of the AC flux density is high. In this case, the DC biased flux density will be influenced significantly, the iron loss test result is then influenced. 
For solving this problem, improvement on the test system must be done to guarantee the measurement accuracy. The improved measurement system is proposed in [ZHA95] and applied in [BAG08] and [XUE17a]. As shown in Fig.1.35, two identical ring specimens are used and each of them is wound with a set of AC and DC coils. The two AC coils have the same number of turns and connected in parallel with the same polarity. The two DC coils also have the same number of turns but connected in series with opposite polarity. In this case, the induced alternating voltages on the DC coils cancel each other. The AC and DC windings are then decoupled. Another open-circuit coil which is coupled with both ring specimens is used to measure the induced voltage. Fig.1.36 shows the DC currents in the DC coil at different AC frequencies by using the proposed measurement technique. The DC current keeps stable at different AC frequencies, the accuracy of DC flux density in the ring specimen can be then guaranteed.
[image: ]
Fig.1.33 [bookmark: _Ref489704889]Iron loss measurement method for DC bias flux density introduced in [CHA05].
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	(a)
	(b)


Fig.1.34 [bookmark: _Ref489704904]Current ripple in DC coil caused by AC flux density. (a) f=100Hz, Bm=1.0T, IDC=2A. (b) f=1000Hz, Bm=1.0T, IDC=2A [XUE17d].
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Fig.1.35 [bookmark: _Ref489704955]Diagram of iron loss test rig [XUE17a].
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	(a)
	(b)


Fig.1.36 [bookmark: _Ref489704975][bookmark: OLE_LINK155][bookmark: OLE_LINK163]Current in DC coil and voltage on AC coil of improved test system. (a) f=100Hz, Bm=1.0T, IDC=2A. (b) f=1000Hz, Bm=1.0T, IDC=2A [XUE17d].
Measurement under Mechanical Stress
To investigate the mechanical stress influence on the iron loss, specially designed test rig is required. Fig.1.37 shows the test rig proposed in [TAK07]. The flux density in the laminated specimen is detected by a B coil, which is wound around the specimen. The magnetic field strength H in the specimen is set by the magnetisation winding, which is wound on the surface of the specimen. The stress is applied by a hydraulic equipment. The application of this test solution can also be found in [MIY09] [MIY10]
[image: ]
Fig.1.37 [bookmark: _Ref489704987]Iron loss test rig with mechanical stress influence in [MIY09].
Measurement under Rotational Flux Density
Improvement based on the existing test rig should be done to measure the iron loss under rotational flux density. Fig.1.38 shows the schematic diagram of the two-dimensional rotational iron loss test system developed in [ZHU98]. The magnetic field is generated by two sets of excitation coils arranged on the x- and y- axes. Different rotational flux densities can be generated by adjusting the excitation on x coil and the y coil. The x and y components of the flux density can be detected by the sensing coils wound on the specimen. This test method is used in [HUA12] [GUO14]. This measurement technique is also evolved to a three-dimensional rotational iron loss test system in [GUO06] as shown in Fig.1.39. 
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Fig.1.38 [bookmark: _Ref489705005]Schematic diagram of a two-dimensional rotational iron loss test system [ZHU98].
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Fig.1.39 [bookmark: _Ref489705015]Three-dimensional rotational iron loss test system [GUO06].
[bookmark: _Toc498330432]1.4.2 In Electrical Machines
In electrical machines, losses can be expressed as the difference between the input power  and the output power . The iron loss in electrical machines is expressed as:
	
	(1.28)


where  is the iron loss.  is the winding copper loss or copper loss.  is the mechanical loss.  is the magnet eddy current loss, and  if there is no PM in the machine.
It is very difficult to measure iron loss in the electrical machine directly. Therefore, the key of iron loss measurement in electrical machines is to separate iron loss from other losses. Therefore, the measurement techniques for the winding copper loss, the mechanical loss and the magnet eddy current loss are introduced. The iron loss can be then obtained by excluding these losses from the total loss according to (1.28). 
Winding Copper Loss
The winding copper loss represents the loss produced by electrical currents in the conductors of electrical machine windings. When the AC effects (the skin effect and the proximity effect) are neglected, the winding copper loss can be considered as the DC copper loss. The DC copper loss can be calculated from the RMS-values of the currents and the winding resistances at operating temperature based on the Ohm’s law [BOI93] [FER94]:
	
	(1.29)


where  is the number of phases of the electrical machine.  is the RMS-value of the phase current.  is the phase winding resistance at temperature .
According to (1.29), temperature can influence the winding copper loss. By measuring the winding copper loss at different temperatures, the temperature dependent winding copper loss of the electrical machine can be obtained as shown in Fig.1.40 [SCH13]. The winding copper loss at any temperature within the temperature range can be then obtained by the interpolation or the curve fitting of the measurement results.
In electrical machines having high current frequency, AC effects on the winding copper loss cannot be neglected. The AC copper loss should be considered when calculate the winding copper loss [FER94]. The AC copper loss represents the total winding copper loss including the DC copper loss and additional losses caused by the skin effect and the proximity effect. However, it is very difficult to directly measure the AC copper loss in electrical machines. The AC copper loss is usually obtained by calculation based on FEA tools [IWA09] [GEE13] [MEL13]. In [GEE13], the AC copper loss of a 9-slot/6-pole high speed PM machine is investigated. The ratios of the AC and DC copper losses at different frequencies are shown in Fig.1.41. It can be seen that additional winding copper losses caused by the AC effects can be significant when the frequency is high. The increase of strands can significantly reduce the influence of AC effects, the AC copper losses are then decreased although attention should be paid to the potential increased DC loss due to low packing factor and also circulating currents amongst strands.
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Fig.1.40 [bookmark: _Ref489705029]Winding copper loss of a synchronous machine at 15Nm, 1,500rpm [SCH13].
[image: ]
Fig.1.41 [bookmark: _Ref492298215]Ratios of AC and DC copper losses of a 9-slot/6-pole PM machine at different speed (rated speed n=36,000rpm) [GEE13]. 
Mechanical Loss
A measurement technique for the mechanical loss is provided in [DOM04]. The test rig is shown in Fig.1.42. Firstly, the torque of the driving motor is measured by the torque meter when the measured motor is disconnected. The torque  can be then measured at different rotor speed . Secondly, the measured motor is connected to the torque meter and the torque  can be measured at different rotor speed. Finally, the mechanical loss  of the measured machine is obtained by:
	
	(1.30)


In order to exclude the effect of the permanent magnets, all the permanent magnets in the measured machine should be removed during the test. Since this measurement technique is very easy to implement, it is widely used in mechanical loss measurement. Fig.1.43 shows the typical mechanical loss of a 6-slot/4-pole SRM [MIN12]. The mechanical loss at different rotor speed can be obtained by interpolation or curve fitting of the measured results.
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Fig.1.42 [bookmark: _Ref489705041]Mechanical loss test rig [DOM04].
[image: ]
Fig.1.43 [bookmark: _Ref489705057]Mechanical loss of a 6-slot/4-pole SRM [MIN12].
Magnet Eddy Current Loss
It is very difficult to directly measure the eddy current loss of magnets in PM machines. The magnet eddy current loss is usually obtained by finite element analysis (FEA) tools instead of measurements [CHU14] [CHO14]. Some studies have been carried out on the measurement techniques. In [YAM12], a measurement technique based on locked rotor tests is developed. The measuring system is shown in Fig.1.44. 
The currents are supplied to the machine whose rotor is locked. In this case, both output power  and mechanical loss  are zero. Therefore, the sum of the iron loss and the magnet eddy current loss  can be obtained by subtracting the winding copper loss  from the input power . Furthermore, to separate magnet loss  and iron loss , the same experiment is performed again on the machine without the magnets. In this case, the iron loss  is obtained. The magnet eddy current loss  can be then obtained by subtracting  from . 
This measurement technique is easy to implement. The approximate magnet eddy current loss can be obtained. However, the iron loss can be different with or without magnets. The iron loss and the magnet eddy current loss cannot be decoupled directly by the method described in [YAM12].
Some measurement techniques are based on the temperature rise of the magnets [AOY05]. A relationship between the magnet eddy current loss and the temperature rise is investigated in [AOY05]. The magnet eddy current loss can be then obtained by:
	
	(1.31)


where  and  are the magnet eddy current losses at temperature  and , respectively.  and  are the resistivities of magnets at temperature  and , respectively.
This technique is further developed and applied into an electrical machine [MAL15]. However, this technique suffers from poor accuracy and high difficulty of magnet temperature measurement in actual machines. 
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Fig.1.44 [bookmark: _Ref403066313][bookmark: _Ref489705067]Schematic diagram of measurement test bench [YAM12].


[bookmark: _Toc498330433]1.5 Research Scope and Thesis Outline
The aim of this thesis is to investigate the temperature effect on iron loss in electrical machines, and to model the temperature dependency based on empirical iron loss models at different conditions. Fig.1.45 shows the research scope and research structure of this thesis. This thesis is organized in 7 chapters with following content:
· Chapter 1 is the current chapter with a brief introduction about the scope of the thesis and the scientific contributions.
· Chapter 2 compares the existing iron loss models for sinusoidal flux density. Four of the most commonly used iron loss models for sinusoidal flux density at constant temperature are evaluated based on the steel lamination test. One of the most accurate iron loss model for sinusoidal flux density at constant temperature is then identified.
· Chapter 3 studies the temperature influence on the iron loss. The limitation of the existing iron loss models on considering the temperature influence is presented. An improved iron loss model for further consideration of temperature influence is proposed. The improved iron loss model is then validated by an electrical machine test.
· Chapter 4 discusses the combine influence of DC bias flux density and temperature. The temperature dependency of DC bias coefficients is modelled. An iron loss model for considering the combine influences of DC bias flux density and temperature is proposed. Electrical machine tests are also carried out to evaluate the iron loss model.
· Chapter 5 presents the additional iron loss caused by the flux density distortion. An iron loss model is developed for taking flux density distortion effect into account while considering the temperature influence. Iron losses of an electrical machine fed by a PWM inverter are measured, the iron loss model is then validated.
· [bookmark: OLE_LINK3]Chapter 6 develops an iron loss model for arbitrary flux density waveform which takes temperature influence into account. The iron loss model for arbitrary flux density waveform is also validated by electrical machine tests at different operating conditions. 
· Chapter 7 provides a summary of the main results and conclusions of this thesis and gives proposals for future studies on iron loss prediction in electrical machines.
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Fig.1.45 [bookmark: _Ref489704232] Research structure of this thesis.
[bookmark: _Toc498330434][bookmark: OLE_LINK2]1.6 Contributions
In this thesis, the temperature effect on the iron loss is explored. Some contributions of this thesis can be listed as follows:
· Different methods for measuring iron losses in steel laminations and electrical machines at different temperature are introduced.
· The most accurate iron loss model for sinusoidal flux density at constant temperature is identified.
· An improved iron loss model for sinusoidal flux density considering temperature influence on both hysteresis and eddy current losses is proposed. 
· An improved iron loss model for considering the combine influence of DC bias flux density and temperature is developed.
· An improved iron loss model for electrical machines is presented. The flux density distortion caused by MMF harmonics in actual electrical machines can be considered by the improved model. The improved model also takes the temperature effect into account.
· An iron loss model for arbitrary flux density waveform which takes temperature influence into account is proposed.


[bookmark: _Toc498330435]Chapter 2 Comparison of Iron Loss Models for Alternating Sinusoidal Flux Density
In this chapter, iron loss models for alternating sinusoidal flux density are reviewed at first and then evaluated by the measured results of a steel lamination ring specimen. Based on these investigations, the iron loss model having the best prediction accuracy for alternating sinusoidal flux density at constant temperature is identified.
[bookmark: _Toc498330436]2.1 Introduction
According to the review on the iron loss models in Chapter 1, many different iron loss models have been developed in [BER88] [FIO90] [BOG03] [ION07] for alternating sinusoidal flux density. These iron loss models are widely used since they have solid physical basis while very easy to implement [FIO90] [BAR13] [COS15]. The iron loss models are also evolved to many different forms to adapt some specific conditions such as for the temperature consideration [CHE15] [XUE17c], for the flux density with DC bias [SIM09] [ZHU14] [XUE17a], and for flux density distortion when supplied by PWM inverter [LAV78] [XUE17b], etc. Although many iron loss models are evolved from the iron loss models for alternating sinusoidal flux density, rare study has been done to compare these iron loss models, which is essential for the further study on the iron loss prediction.
In this chapter, different iron loss models for alternating sinusoidal flux density are evaluated against the measured results. This chapter is organized as follows. In Section 2.2, the iron loss measurement technique of the steel lamination ring specimen is demonstrated in detail. Different iron loss models for alternating sinusoidal flux density are evaluated in Sections 2.3. Based on the iron loss test results, one of the most accurate iron loss model for alternating sinusoidal flux density is then identified for the further study.


[bookmark: _Toc498330437]2.2 Iron Loss Measurement in Steel Laminations
According to the review on the iron loss measurement techniques in Chapter 1, the steel lamination ring specimen test has been widely used to measure the iron loss of steel laminations under alternating flux density due to its high accuracy and feasibility. Therefore, the steel lamination ring specimen test is used in this chapter. The actual measurement system used in this chapter is shown in Fig. 2.1. The iron loss density , the field strength  and the flux density can be obtained by:
	
	(2.1)

	
	(2.2)


where  is the iron loss density.  is the instant induced voltage of the measuring coil. is the instant current in the excitation coil.  is the time period of the current and the voltage.  and  are the mass density and the volume of the steel lamination ring specimen, respectively.  is the number of turns of the excitation coil and the measuring coil.  is the effective length of the steel lamination ring specimen.
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[bookmark: _Ref411521819][bookmark: _Ref418170649]Fig. 2.1 Schematic diagram of steel lamination ring specimen iron loss measuring.
Since the magnetic permeability of the lamination is much higher than the magnetic permeability of the air, the flux leakage is negligible. Also, the flux density can be treated as evenly distributed in the specimen since the specimen has a much bigger average radius than radial thickness. In order to support this, the flux density distribution is simulated by FEA when the average flux density in the ring is 1.70T. The maximum flux density is 1.72T while the minimum flux density is 1.68T in the ring specimen as shown in Fig. 2.2. It is shown that the difference between the maximum and minimum flux densities in the ring is < 3% of the average flux density. In this case, the flux density  in the lamination can be approximately obtained as:
	
	(2.3)


where  is the cross sectional area of the steel lamination ring specimen.
[image: ]
Fig. 2.2 FEA predicted flux density distribution of steel lamination ring specimen when average flux density is 1.70T.
[bookmark: OLE_LINK100][bookmark: OLE_LINK101][bookmark: OLE_LINK59][bookmark: OLE_LINK66][bookmark: OLE_LINK80][bookmark: OLE_LINK81][bookmark: OLE_LINK99][bookmark: OLE_LINK106][bookmark: OLE_LINK107]In actual test rigs in this chapter, the steel lamination ring specimen is made of wire cut non-oriented 0.35mm thick V300-35A Si-Fe steel laminations. The excitation coil is made of Litz wire with a relatively large total conductor cross-section. The resistance of the excitation coil is 0.04Ω. Due to negligible voltage on the resistance, the flux density in the steel lamination ring specimen and the induced voltage from the measuring coil are sinusoidal, even when the excitation current is non-sinusoidal. This can be seen in Fig. 2.3, especially so when the flux density is high due to the nature of non-linear soft magnetic materials. A K-type thermal couple is equipped into the steel lamination ring specimen and connected to a thermal meter for monitoring the temperature. Fig.2.4 shows the measured B-H loops at 40°C when the frequency is 50Hz and 1000Hz, respectively. It can be seen that the B-H loops will be distorted when the flux density is high due to the saturation at both 50Hz and 1000Hz. The shape of B-H loops, which represents the iron losses in a time period, is frequency and flux density dependent. The excitation coil is powered by a California Instrument 4500iL power supply, whose maximum output voltage and current is 150V/30A RMS with an output frequency range of 45Hz-5kHz. The dimensions of the steel lamination ring specimen and the coil number of turns are specially designed and listed in Table 2.1 in order to cover the flux density and frequency ranges specified in Table 2.2.
Fig. 2.5 shows the measured iron loss in the steel lamination ring specimen at different frequencies and flux densities at 40°C. It can be seen that the iron loss varies with the frequency and flux density in an identical pattern. This pattern has been investigated and modelled widely in [BER88] [FIO90] [BOG03] [ION07].
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(a)
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(b)
[bookmark: _Ref422329761][bookmark: _Ref422517568]Fig. 2.3 Typical waveforms for measured currents in excitation coil and voltages on measuring coil. (a) Bm=0.2T and f=50Hz. (b) Bm=1.73T and f=1000Hz.
[image: ]
Fig. 2.4 Measured B-H loops at 40°C when frequency is 50Hz and 1000Hz.
TABLE 2.1 Steel lamination ring specimen parameters
	Type of silicon steel lamination
	
	V300-35A

	Thickness of single lamination
	mm
	0.35

	Outer diameter of steel lamination ring specimen
	mm
	150

	Inner diameter of steel lamination ring specimen
	mm
	125

	Effective thickness of steel lamination ring specimen
	mm
	14

	Number of turns for excitation and measuring coils N
	
	102




TABLE 2.2 Steel lamination ring specimen iron loss measuring system rest range
	Maximum output voltage in RMS value 
	V
	150

	Maximum output current in RMS value
	A
	30

	Frequency range
	Hz
	50-1000

	Temperature range
	°C
	40-100


[image: ]
Fig. 2.5 Measured iron loss in the steel lamination ring specimen at different frequency and flux density at 40°C.
[bookmark: _Toc498330438]2.3 Iron Loss Models for Alternating Sinusoidal Flux Density
According to the review on iron loss models in Chapter1, the iron loss models presented in [BER88] [FIO90] [BOG03] [ION07] are the most widely used models for alternating sinusoidal flux density. 
In [BER88], iron loss is calculated by the three-term formula including the hysteresis loss, the classical loss and the excess loss as:
	
	(2.4)


where  is the amplitude of the flux density.  and  are the hysteresis loss coefficients.  is the classical loss coefficient.  is the excess loss coefficient. The coefficients can be obtained by the curve fitting of the test results at different flux density and frequency.
In [FIO90], The iron loss model can be expressed as:
	
	(2.5)


where  and  are the electrical conductivity and the thickness of the lamination.  is the time period.
It is concluded in [BOG03] that the contributions of classical loss and excess loss cannot be separated. Alternatively, a two-term iron loss model is developed, where the classical loss and excess loss in the three-term model are combined into a global eddy current loss. This model can be expressed as:
	
	(2.6)


[bookmark: OLE_LINK113]According to the investigation on the iron loss, the hysteresis loss and eddy current loss coefficients vary with frequency and flux density. Therefore, an iron loss model with variable coefficients is presented in [ION07]:
	
	(2.7)


The division of (2.7) by  yields the linear equation below,
	
	(2.8)


Coefficients  and  at specific frequency and flux density are identifiable from the y-axis crossing point and the slope of the line. The hysteresis loss and eddy current loss coefficients are then separated. Based on the two measured results having the same flux density and the adjacent frequencies, a set of  and  can be calculated based on (2.8). In the similar way,  and  can be obtained under different flux densities and frequencies using the measured data. Secondly, in order to simplify the modelling of the coefficients, the coefficients variation with the frequency is considered by using two sets of results representing the low and high frequency regions. In this chapter, the low frequency covers 50Hz, 200Hz and 400Hz whilst the high frequency covers 600Hz, 800Hz and 1000Hz. This method is also used in [ION07].
[bookmark: OLE_LINK6]It can be seen from the iron loss models (2.4)-(2.7) that the coefficients are very important for the prediction accuracy. The iron loss coefficients are constants in models (2.4), (2.5) and (2.6) while the coefficients are variables in model (2.7). Table 2.3 lists the coefficients for iron loss models (2.4), (2.5) and (2.6). Fig. 2.6 shows the variable coefficients of iron loss model (2.7).


TABLE 2.3 Iron loss models (2.4), (2.5) and (2.6) coefficients
	Parameters for iron loss model (2.4)

	
	
	
	

	3.25×10-2
	6.67×10-5
	5.95×10-4
	2

	Parameters for iron loss Model (2.5)

	
	 (mm)
	 (S/m)
	
	

	3.6×10-2
	3.5×10-4
	2.0×106
	5.95×10-4
	2

	Parameters for iron loss Model (2.6)

	
	

	3.76×10-2
	8.03×10-5
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(a)
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(b)
Fig. 2.6 Iron loss model (2.7) coefficients. (a) . (b) .
Fig. 2.7 shows the predicted and measured results by the iron loss models (2.4)-(2.7). In order to compare the predicted and measured iron losses more clearly and comprehensively, the relative prediction error is employed,
	
	(2.9)


where  is the relative prediction error.  is the predicted iron loss density.  is the measured iron loss density.
[bookmark: OLE_LINK7]The relative prediction errors of the iron loss models are also shown in Fig. 2.8. Table 2.4 shows the numerical average relative prediction errors results. It can be seen that the prediction accuracies of iron loss models (2.4), (2.5) and (2.6) are close to each other while the prediction accuracy of (2.7) is much better. This is due to the fact that the iron loss models (2.4), (2.5) and (2.6) are based on constant coefficients, which cannot consider the coefficient variation with flux density and frequency. On the other hand, the prediction accuracy keeps good in the whole test range with the help of variable coefficients.
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(c)
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(d)
Fig. 2.7 Measured and predicted results of models at 40°C. (a) Model (2.4). (b) Model (2.5). (c) Model (2.6). (d) Model (2.7).
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(d)
[bookmark: OLE_LINK18][bookmark: OLE_LINK19]Fig. 2.8 Prediction relative errors of iron loss models at 40°C. (a) Model (2.4). (b) Model (2.5). (c) Model (2.6). (d) Model (2.7). 

TABLE 2.4 Iron loss models’ average prediction relative errors at 40°C
	Iron loss model
	(2.4)
	(2.5)
	(2.6)
	(2.7)

	Relative error (%)
	11.3
	10.3
	10.7
	2.4


[bookmark: _Toc498330439]2.4 Conclusions
In this chapter, the measurement procedure of the iron loss in the steel laminations is demonstrated. Iron losses are measured by a steel lamination ring specimen test. Four of the most commonly used iron loss models for alternating sinusoidal flux density are evaluated against the measured iron losses. The iron loss model (2.7) has the best accuracy when the flux density alternates sinusoidally at constant temperature with the help of variable coefficients.


[bookmark: _Toc498330440]Chapter 3 Iron Loss Calculation Considering Temperature Influence
[bookmark: _Toc498330441]3.1 Introduction
In Chapter 2, the most commonly used existing iron loss models for alternating sinusoidal flux density are evaluated against the test results. However, none of these existing iron loss models considers the influence of temperature. The iron loss can be influenced by the temperature significantly as reported in [WIL02] and [RAG09] on ferrite cores, [KRI13] on Ni-Fe laminations, [FOS86] on oriented silicon steel laminations, and [TAK10] [TAK11] [CHE15] on non-oriented silicon steel laminations. 
In [CHE15], only the temperature dependency of the eddy current loss is considered while the hysteresis loss is assumed to be not influenced by the temperature. However, in [TAK10] and [TAK11], it has shown experimentally that the hysteresis and eddy current losses have different temperature dependencies.
The aim of this chapter is to develop an iron loss model which can consider the temperature dependencies of the hysteresis and the eddy current losses. The iron losses at different flux density, frequency and temperature in non-oriented Si-steel laminations are measured firstly by the steel lamination ring specimen test as will be described in Section 3.2. In Section 3.3, the influence of temperature on the iron loss is illustrated, the different temperature dependencies of hysteresis and eddy current losses are also investigated. The limitations of the existing model are demonstrated. An improved iron loss model considering the temperature dependencies of hysteresis and eddy current losses separately is developed and verified by the steel lamination ring specimen tests. In Section 3.4, the further experimental validation of the improved iron loss model on an electrical machine is presented.


[bookmark: _Toc498330442]3.2 Temperature Dependency of Iron Loss
Based on the measurement method and the test rig described in Chapter 2, the iron losses under different flux densities, frequencies and temperatures are measured. In order to illustrate the iron loss variation more clearly, the investigation in this chapter is carried out in two steps. Firstly, the existing iron loss model is evaluated at different temperature. The influence of temperature on the iron loss is investigated and modelled, the improved iron loss model for considering the temperature influence is then developed. 
Fig. 3.1 shows the measured B-H loops at different temperatures and frequencies. It can be seen that the B-H loops vary with the temperature, the iron losses are then affected. In order to comprehensively investigate the influence of temperature on iron loss, the iron loss variations with the temperature at different combinations of frequencies and flux densities in steel laminations are measured, as shown in Fig 3.2. It can be seen that the iron loss in the steel laminations varies when the temperature rises across the whole test range. This is due to the fact that the hysteresis loss and eddy current loss are dominated by the permeability and resistivity respectively, which are influenced by temperature significantly. On the other hand, the variations of iron loss with temperature at different frequency and different flux density are shown in Fig 3.3. It can be seen that the iron loss varies almost linearly with the temperature rise. This is due to the fact that the permeability and conductivity of non-oriented steel laminations vary linearly between room temperature and 200°C, which has been experimentally confirmed in [TAK10]. This linear temperature dependency of iron loss in other types of steel laminations is also reported in [NAK14]. It should be noted that the temperature dependency of iron loss will be non-linear when the temperature is > 200°C [TAK11]. However, electrical machines from normal industrial and domestic applications typically operate with a maximum temperature of < 120°C [KRI13]. Therefore, the temperature dependency of iron loss can be considered as linear for this temperature range. Furthermore, as shown in Fig 3.4, the iron loss varies with temperature, with the amount of variation corresponding to different frequencies and flux densities. Taking the test results of lamination for instance, when the temperature increases from 40°C to 100°C, the iron loss at 1.73T and 1000Hz reduces by > 10% while the iron loss at 0.2T and 50Hz decreases by < 5%. This variation in the change of iron loss with temperature at different frequencies and flux densities will be investigated in this chapter. 
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(a)
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(b)
Fig. 3.1 B-H loops at different frequencies and temperatures when flux density is sinusoidal. (a) 50Hz. (b) 1000Hz.
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Fig. 3.2 Measured iron loss at different temperature.
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(c)
Fig. 3.3 Measured iron loss variation with temperature. (a) Bm=0.2T. (b) Bm=1.0T. (c) Bm=1.73T.
According to the investigation in Chapter 2, the iron loss model (2.7) is experimentally confirmed to be the most accurate at constant temperature with the help of variable coefficients. Therefore, in this chapter, the iron loss model (2.7) is selected for further research. This iron loss model is expressed as: 
	
	(3.1)


It should be noted that the temperature influence on iron loss is not considered in this model. The coefficients of this model are obtained based on the measurement iron loss when the temperature is constant. In Chapter 2, all coefficients of this model are obtained when the lamination temperature is 40°C.
Fig. 3.4 shows the comparison of the predicted iron loss by existing model (2.7) with the measured iron loss at different lamination temperatures. The existing model (2.7) is able to accurately predict the iron loss at different flux densities and different frequencies when the lamination temperature remains 40ºC. However, the iron loss could vary significantly when the temperature increases from 40ºC to 100°C, as shown in Fig 3.4. The predicted iron loss of existing model (2.7) cannot reflect this variation. Therefore, the prediction accuracies of this existing model can be significantly degraded when the temperature changes. 
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(c)
Fig. 3.4 Measured iron loss and predicted iron loss of existing model (2.7). (a) Bm=0.2T. (b) Bm=1.0T. (c) Bm=1.73T.


[bookmark: _Toc498330443]3.3 Iron Loss Model Considering Temperature Influence
[bookmark: OLE_LINK137][bookmark: OLE_LINK142][bookmark: OLE_LINK143]According to the iron loss model (2.7), when the frequency  and the flux density  are determined, the hysteresis loss and the eddy current loss will be only determined by the coefficients  and , respectively. Since the flux density and frequency are not temperature dependent, the temperature influence on hysteresis and eddy current losses will be reflected directly by the loss coefficients  and . Therefore, the investigation on temperature dependencies of hysteresis loss and eddy current loss coefficients is necessary for further modelling.
In order to investigate the temperature dependencies of the hysteresis loss and the eddy current loss separately, the coefficients  and  in (2.7) are calculated respectively based on the measured iron loss at different temperatures and shown in Figs. 3.5 and 3.6. It can be seen that both the hysteresis loss  coefficient and the eddy current loss  coefficient vary not only with frequency and flux density but also with temperature. Therefore, the improved iron loss model is then developed and can be expressed as:
	
	(3.2)


where  is the iron loss density at the actual temperature T.  and  are hysteresis loss and eddy current loss coefficients, respectively.
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(b)
Fig.3.5 Hysteresis loss coefficient. (a) f=50Hz. (b) f=1000Hz.
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(a)
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(b)
Fig.3.6 Eddy current loss coefficient. (a) f=50Hz. (b) f=1000Hz.
[bookmark: _Toc498330444]3.3.1 Modelling Temperature Dependent Coefficients
According to the improved iron loss model (3.2), iron loss coefficients at any temperature, frequency and flux density among the test range can be calculated by interpolation  and  the coefficient shown in Figs. 3.5 and 3.6. The temperature dependency of the iron loss can be then fully considered. However, the coefficients have to be measured at many different temperatures to guarantee the accuracy of the interpolation, which is complicated and time consuming. Therefore, it is necessary to model the temperature dependent coefficients.
Based on the results shown in Figs. 3.5 and 3.6, it can be further seen that both the hysteresis and eddy current loss coefficients vary approximately linearly with temperature although the varying rate changes with flux density and frequency. These linear variations are also confirmed in [FOS86] and [TAK10]. Therefore, a simple linear relationship between the coefficients and the temperature can be considered for the typical operation temperature range of electrical machines. On the other hand, it should be noted from Figs. 3.5 and 3.6 that the varying rates of hysteresis and eddy current loss coefficients with the temperature are different even under the same flux density and frequency. By considering all these aspects, the temperature dependent iron loss coefficients can be modelled as:
	
	(3.3)

	
	(3.4)


where and  are the temperature dependent coefficients of hysteresis and eddy current losses.  and  are the hysteresis and eddy current loss coefficients when the temperature is .
As demonstrated above, hysteresis and eddy current loss coefficients vary linearly with temperature with different rates. Therefore, the temperature dependent coefficients can be expressed as:
	
	(3.5)

	
	(3.6)


where  and  are varying rates of the hysteresis and eddy current loss coefficients with temperature and can be calculated by measured hysteresis losses and eddy current losses at two different temperatures . and . for the same frequency and flux density as:
	
	(3.7)

	
	(3.8)


where , ,  and  are the hysteresis and eddy current loss coefficients when the temperature is  and , respectively. 
In this chapter,  is 100ºC and  is 40ºC. Positive  or  means that the loss increases with temperature rise while negative  or  means that the loss decreases with temperature rise. According to (3.7) and (3.8), the improved iron loss model has two advantages: First, the temperature dependencies of the hysteresis loss and the eddy current can be considered separately. Second, the temperature influence on the iron loss can be considered by the measured results at only two different temperatures  and .
In order to investigate the variation of  and  with the frequency, the whole frequency test range 50-1000Hz is simply divided into two segments, i.e., the low frequency 50-400Hz and the high frequency 400-1000Hz. Fig 3.7 shows the  and  at low frequency and high frequency, respectively. It can be seen from Fig 3.7 that the eddy current loss decreases with the temperature rise in the whole test range due to the increase of resistivity. The hysteresis loss has different dependencies with temperature (decrease or increase) at different flux density. This is due to the fact that the hysteresis loss depends on the permeability, which has a nonlinear relationship with temperature and flux density. It also can be observed that the eddy current loss is more sensitive with temperature when the flux density is higher. This phenomena is also reported in [TAK10] and [TAK11]. 
By applying  and  to (3.5) and (3.6) respectively, the temperature dependent coefficients can be then obtained. Fig 3.8 shows the predicted temperature dependent coefficients  and  at low frequency and high frequency, respectively. The temperature influences on the iron losses are then considered by substituting these temperature dependent coefficients to (3.3) and (3.4).
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Fig. 3.7 Hysteresis loss varying rate Dhyst and eddy current loss varying rate Deddy (a) Low frequency (50-400Hz). (b) High frequency (400-1000Hz).
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(d)
Fig. 3.8 Predicted temperature dependent coefficients of hysteresis loss and eddy current loss. (a) kth in low frequency (50-400Hz). (b) kte in low frequency (50-400Hz). (c) kth in high frequency (400-1000Hz). (d) kte in high frequency (400-1000Hz).


[bookmark: _Toc498330445]3.3.2 Validation of Improved Iron Loss Model in Steel Laminations
Fig. 3.9 shows the measured and predicted iron loss at different frequency and flux density when the temperature is 100°C. It can be seen that when the temperature changes to 100°C, the improved model can track the variation of iron loss more precisely. Fig 3.10 shows the comparison of relative prediction errors of existing and improved models at different flux density, frequency and temperature. It can be seen that the relative prediction errors of existing model (2.7) vary significantly with the temperature rise. This is due to the fact that the existing model (2.7) cannot reflect the temperature influence on iron losses. The prediction iron losses of the existing model keep constant while the actual iron losses vary significantly when temperature changes. On the other hand, the improved model (3.2) can predict the iron losses with low and stable relative prediction errors even when the temperature changes significantly. This is due to the fact that the improved model (3.2) can track the iron loss variation with temperature. This means that the improved model can consider the temperature influence on iron losses effectively. 
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(c)
Fig. 3.9 Predicted and measured iron loss at different frequency and flux density when the temperature is 100ºC. (a) Bm=0.2T. (b) Bm=1.0T. (c) Bm=1.73T.
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(c)
Fig. 3.10 Relative prediction errors of existing and improved models at different temperature. (a) Bm=0.2T. (b) Bm=1.0T. (c) Bm=1.73T.
[bookmark: _Toc498330446]3.4 Further Experimental Validation on an Electrical Machine
In previous sections of this chapter, the accuracy of the improved iron loss model on predicting the iron loss considering temperature influence has been validated by the measured results of steel lamination ring specimen test. However, the flux density distribution and variation in electrical machines are uneven and much more complicated than the ones in the steel lamination ring specimen. In order to ensure that the improved iron loss model is useful for the iron loss prediction in electrical machines, it is important to evaluate the accuracy of the improved model in real electrical machines, which is carried out in this section. 
The test system of iron loss in an electrical machine under different flux density, frequency and temperature is shown in Fig 3.11. A 12-slot/10-pole IPM machine is manufactured and employed for the test. In order to exclude the influence of mechanical stress, the wire cut steel laminations are used for the stator and rotor cores. Furthermore, in order to ensure that there is no stress between the housing and the stator core, the push fit method is used, i.e. the stator core is pushed into the housing and glued. The parameters of the electrical machine are listed in Table 3.1. The photos of the stator and the rotor are shown in Fig. 3.12. In order to exclude the mechanical loss and the magnet eddy current loss, the rotor is locked and there is no magnet in the rotor. The three-phase windings are powered by the three-phase AC power source. The measured iron loss of the electrical machine can be obtained by subtracting the winding copper loss from the total input power: 
	
	(3.9)


where  is the total iron loss of the electrical machine.  is the input power to the machine.  is the winding copper loss, which can be calculated by the measured winding resistance considering temperature dependency. 
The winding copper loss of the 12-slot/10-pole IPM machine can be obtained as:
	
	(3.10)


where  is the RMS-value of the phase current.  is the phase winding resistance at temperature .
For measuring the resistance of the winding, a DC current is input to the armature winding by a DC power source. The resistance can be calculated by the measured voltage on the winding and the current in the winding. Furthermore, in order to measure the resistance at different temperature, the winding is heated by the winding copper loss generated by itself. The temperature can be then measured by the thermal couple equipped in the electrical machine. The resistance is expressed as:
	
	(3.11)


where , ,  are the resistance of the winding, the DC voltage on the winding and the DC current in the winding when the temperature is , respectively.
The phase resistance of the 12-slot/10-pole IPM machine at different temperature is shown in Fig. 3.13. The temperature dependent resistance is then obtained by fitting the measured resistances at different temperature as below:
	
	(3.12)


where  is the resistance at the actual temperature T.  is the resistivity at the base temperature T0.  is the temperature coefficient. 
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Fig. 3.11 Locked rotor test without magnets.
TABLE 3.1. 12-slot/10-pole IPM machine parameters
	Slot number
	12
	Tooth body width (mm)
	7.1

	Pole number
	10
	Slot opening (mm)
	2

	Stator outer radius (mm)
	50
	Stack length (mm)
	50

	Stator inner radius (mm)
	28.5
	Airgap length (mm)
	1

	Rotor outer radius (mm)
	27.5
	No. turns per phase
	132
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(b)
Fig. 3.12 Photos of 12-slot/10-pole IPM machine. (a) Stator. (b) Rotor.
[image: ]
Fig. 3.13 12-slot/10-pole IPM machine phase resistance variation with temperature.
[bookmark: OLE_LINK108][bookmark: OLE_LINK109][bookmark: OLE_LINK110][bookmark: OLE_LINK111]In order to measure the temperature of different parts of the electrical machine, six thermal couples are installed at the stator yoke, the coil, the stator tooth, the tooth tip, the rotor magnet slot and the rotor yoke as shown in Fig 3.14. The electrical machine is heated to the target temperature by its own losses. Fig 3.15 shows the temperature variation in different parts of the electrical machine when the phase current is 2.16A and 3.11A at 1000Hz, respectively. It can be seen that after two hours heating on the machine, the heat transfer is almost completed and the temperatures of different parts tend to be stable. When the phase current is 2.16A, 1000Hz, the hottest part is the coil (71ºC) and the coolest part is the rotor yoke (68ºC) after 120 mins heating. The temperature difference between different parts is very small and the average temperature of different part is 69ºC. In this circumstance, the temperature of the electrical machine can be approximately considered as 69ºC. On the other hand, when the phase current is 3.11A, 1000Hz, the hottest part is the coil (103ºC) and the coolest part is the stator yoke (99ºC) after 120 mins heating, the average temperature of different part is 100ºC. The temperature of the electrical machine can be approximately considered as 100ºC. In order to ensure the thermal transferring is completed for each test, the machine is heated to the designated temperature by the long-term heating. Then, the losses are measured by applying the pre-tuned input. Since the measuring process will only take a few seconds, the temperature variation during the measurement can be neglected. The iron losses under different currents at 69ºC and 100ºC can be obtained by repeating the foregoing process.
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Fig. 3.14 Thermal couples in the electrical machine.
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Fig. 3.15 Temperature variation of different parts of electrical machine when supplied by different phase currents.
To predict the iron loss, the electrical machine is modelled in the FEA software with the measured phase current waveforms shown in Fig 3.16. Fig 3.17 shows the simulated flux density distribution by FEA when the phase current Ia=0A, Ib=6.12A, Ic=-6.12A. Then, the iron loss is predicted from flux density variations in each FE element using the improved iron loss model. It should be noticed that the flux density in the electrical machine can be rotational. The rotational flux density can be decomposed into two alternating directions, the total iron loss under rotational flux density can be then obtained by the sum of iron losses at these two directions [ION07] [YAM09] [CAL05] [MI03]. In this thesis, the rotational flux density is decomposed into the major-axis and the minor-axis as shown in Fig. 3.18. The major-axis is aligned with the long side of the rotational flux density locus while the minor-axis is aligned with the short side of the rotational flux density locus. The temperature dependent losses coefficients for the core are obtained by the steel lamination ring specimen tests using the same lamination. The measured and predicted iron losses of the electrical machine are compared to evaluate the model accuracy. 
[image: ]
[bookmark: OLE_LINK49]Fig. 3.16 Measured phase current waveforms when temperature is 69°C and 100°C at different frequency.
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Fig. 3.17 FEA simulated flux-density distribution when Ia=0A, Ib=6.12A, Ic=-6.12A.
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Fig. 3.18 Major and minor axes of the rotational flux density in electrical machines.
Fig 3.19 shows measured and predicted results at 69ºC and 100°C. The numerical results are listed in Table 3.2. It can be seen that when the temperature rises to 69ºC and 100ºC, the improved model (3.2) can reflect the variation of the iron loss while the existing model (2.7) cannot. The accuracy of the improved model (3.2) is therefore much better than that of the existing model (2.7) with the help of temperature dependent coefficients. The effectiveness of the improved model on iron loss prediction in the electrical machine is then confirmed. 
[bookmark: OLE_LINK102][bookmark: OLE_LINK103][image: ]
[bookmark: OLE_LINK104][bookmark: OLE_LINK105]Fig. 3.19 Measured and predicted results of 12-slot/10-pole IPM machine when the temperature is 69ºC and 100ºC.


TABLE 3.2 Measured and predicted results
	
	
	2A
	5A
	7A

	50Hz
	69°C

	
	Measured (W)
	0.30
	1.20
	2.12

	
	Existing model (2.7) (W)
	0.73
	1.55
	2.20

	
	Improved model (2.7) (W)
	0.72
	1.51
	2.13

	
	100°C

	
	Measured (W)
(Variation compare to 69°C)
	0.28
(-6.0%)
	1.18
(-1.6%)
	1.99
(-6.2%)

	
	Existing model (2.7) (W)
	0.73
	1.55
	2.20

	
	Improved model (3.2) (W)
(Variation compare to 69°C)
	0.71
(-1.4%)
	1.48
(-2.1%)
	2.06
(-3.3%)

	100Hz
	69°C

	
	Measured (W)
	0.77
	2.59
	6.95

	
	Existing model (2.7) (W)
	1.23
	3.42
	5.62

	
	Improved model (3.2) (W)
	1.21
	3.34
	5.41

	
	100°C

	
	Measured (W)
(Variation compare to 69°C)
	0.68
(-11%)
	2.39
(-7.7%)
	6.81
(-1.9%)

	
	Existing model (2.7) (W)
	1.23
	3.42
	5.62

	
	Improved model (3.2) (W)
(Variation compare to 69°C)
	1.19
(-1.7%)
	3.27
(-1.9%)
	5.20
(-3.9%)

	500Hz
	69°C

	
	Measured (W)
	7.64
	27.8
	44.3

	
	Existing model (2.7) (W)
	7.36
	30.1
	48.4

	
	Improved model (3.2) (W)
	7.15
	28.4
	45.6

	
	100°C

	
	Measured (W)
(Variation compare to 69°C)
	6.68
(-12%)
	25.7 
(-7.6%)
	42.3 
(-4.6%)

	
	Existing model (2.7) (W)
	7.36
	30.1
	48.4

	
	Improved model (3.2) (W)
(Variation compare to 69°C)
	6.94
(-2.9%)
	26.7
(-5.9%)
	42.8
(-6.2%)

	1000Hz
	69°C

	
	Measured (W)
	22.1
	83.0
	

	
	Existing model (2.7) (W)
	25.2
	88.9
	

	
	Improved model (3.2) (W)
	24.4
	83.9
	

	
	100°C

	
	Measured (W)
(Variation compare to 69°C)
	19.9
(-10%)
	77.6
(-6.6%)
	

	
	Existing model (2.7) (W)
	25.2
	88.9
	

	
	Improved model (3.2) (W)
(Variation compare to 69°C)
	23.7
(-2.9%)
	78.8 
(-6.0%)
	


[bookmark: _Toc498330447]3.5 Conclusions
[bookmark: OLE_LINK50][bookmark: OLE_LINK58]In this chapter, the temperature dependencies of hysteresis and eddy current losses of non-oriented Si-steel laminations are investigated. It is found that both the hysteresis and eddy current losses vary with the temperature. An improved iron loss model considering temperature dependencies of the hysteresis loss and the eddy current loss separately is developed. It is also found that the variations of hysteresis and eddy current losses with temperature are almost linear for the typical operation range of electrical machines although the varying rate of hysteresis and eddy current losses are different. Based on these linear relationships, a modelling method of the temperature dependent loss coefficients is proposed, the improved iron loss model is then developed. Using the improved model, the temperature influence on iron loss can be fully considered by measured results at two different temperatures. The investigation is experimentally validated by both the steel lamination ring specimen test and the lock rotor no-PM electrical machine test. This iron loss model could be useful for electromagnetic-thermal coupled analyses to predict the iron loss as well as the temperature distribution in electrical machines.


[bookmark: _Toc498330448]Chapter 4 Iron Loss Model under DC Bias Flux Density Considering Temperature Influence
In this chapter, the temperature dependencies of iron loss under different flux densities, frequencies and DC bias flux densities are systematically investigated. The presence of DC bias flux density causes increase of the iron loss. Furthermore, the temperature dependency of the hysteresis loss varies significantly with the DC bias flux density while that of the eddy current loss is independent of the DC bias flux density. Based on these different characteristics of the hysteresis and the eddy current iron losses, an improved iron loss model is developed. The temperature dependency of iron loss under DC bias flux density can be considered by the improved iron loss model. The developed iron loss model is validated by tests on steel laminations and an electrical machine.
[bookmark: _Toc498330449]4.1 Introduction
The DC bias flux density exists in many types of electrical machines such as PMSM, BLDC and SRM, etc. More importantly, DC bias flux density can significantly influence the iron loss [BAG08]. Furthermore, the temperature influences the iron loss significantly. It is important to investigate the combined influence of DC bias flux density and temperature, which is desirable for the accurate prediction of iron loss in electrical machines.
The aim of this chapter is to develop an iron loss model which considers the combined influence of DC bias flux density and the temperature. In Section 4.2, the iron loss measurement technique in steel lamination ring specimen under different DC bias flux densities and temperatures is demonstrated. The iron losses under different flux density, frequency, DC bias flux density and temperature are then measured and presented. In Section 4.3, the existing iron loss model for flux density with DC bias is evaluated against the test results in the steel laminations. The limitation of the existing model is also demonstrated. In section 4.4, an improved iron loss model for flux density with DC bias which also takes the temperature dependency into account is developed. The iron loss model is validated by the steel lamination test results. The improved iron loss model is further validated by an electrical machine test in Section 4.5.
[bookmark: _Toc498330450]4.2 Iron Loss Measurement under DC Bias Flux Density in Steel Laminations
The steel lamination ring specimen test is carried out in this chapter to measure the iron loss under DC bias flux density. In order to generate the DC bias flux density, DC coils are wounded on the steel lamination ring specimen. The technique and test procedure for measuring the iron loss under DC bias flux density is introduced in Section 1.4. The schematic diagram of the test system is shown in Fig. 1.35. The test is carried out in two steps. First, the specimen is powered by the AC voltage and current without DC bias flux density. The field strength  and the flux density  can be obtained as: 
	[bookmark: _Hlk476045275]
	(4.1)

	
	(4.2)


where  is the number of turns of the AC winding and the measuring coil.  is the instantaneous current of the AC winding.  is the total effective length of the steel lamination ring specimen.  is the instantaneous voltage of the measuring coil.  is the effective cross sectional area of the steel lamination ring specimen.  is the iron loss density. The B-H curves can be then obtained by repeating the measurement at different field strengths, flux densities, frequencies and temperatures. 
Second, when the DC bias current is input into the DC winding, hysteresis loops become asymmetric. The maximum field strength  can be obtained by:
	
	(4.3)


where  is the number of turns of the DC winding.  is the DC current of the DC winding.
[bookmark: OLE_LINK27][bookmark: OLE_LINK28]By referring  to the B-H curve at the same frequency and temperature, the maximum flux density  can be calculated. The DC bias flux density  is then obtained by subtracting the AC flux density amplitude  from :
	
	(4.4)


For each test with or without DC bias flux density, the iron loss can be obtained by the integration of AC current and voltage: 
	
	(4.5)


where  and  are the mass density and the volume of the specimen respectively.  is the time period of the current and voltage.
By applying the method described above, the iron loss under different DC bias flux densities can be measured. This method is also used in [ENO00] and [ZHU14].
The dimensions of the steel lamination ring specimen and the coil number of turns listed in Table 4.1 are specially designed according to the testing range and the capability of the power supply. Fig 4.1 shows the measured B-H loops at different DC bias flux densities when the amplitude of alternating flux density keeps constant and the temperature is 40°C. It can be seen that the shape of B-H loops is significantly influenced by the DC bias flux density. The iron loss under DC bias flux density is then influenced as the area of the B-H loops represents the iron loss. This influence will be discussed and modelled later in this chapter. Fig. 4.2 shows the measured iron loss at different AC flux densities, DC bias flux densities, frequencies and temperatures. The iron loss variations with temperature at different AC flux density, frequency and DC bias flux density are shown in Fig 4.3. It can be seen that the iron loss increases with the DC bias flux density rise. On the other hand, the temperature influences the iron loss significantly. This influence will be investigated systemically and modelled later in this chapter.


TABLE 4.1 Steel lamination ring specimen and coils parameters
	General

	Number of turns N1
	204

	Number of turns N2
	35

	Steel lamination type
	V300-35A

	Steel lamination thickness (mm)
	0.35

	Steel lamination ring specimens

	Outer diameter (mm)
	150

	Inner diameter (mm)
	125

	Effective thickness (mm)
	7

	Layers of steel laminations
	20
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Fig. 4.1 B-H loops at different DC bias flux densities, Bm=0.22T, f=100Hz, 40°C.
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Fig. 4.2 Measured iron loss at different AC flux density, DC bias flux density and temperature.
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Fig. 4.3 Iron loss variation with temperature at different DC bias flux density. (a) Bm=0.22T, f=100Hz. (b) Bm=0.22T, f=1000Hz. (c) Bm=0.42T, f=100Hz. (d) Bm=0.42T, f=1000Hz. (e) Bm=0.60T, f=100Hz. (f) Bm=0.60T, f=1000Hz.
[bookmark: _Toc498330451]4.3 Existing Iron Loss Model Considering DC Bias Flux Density
In order to consider the influence of DC bias flux density on the iron loss, a DC bias flux density dependent coefficient  is introduced to the existing iron loss model for the sinusoidal flux density in [SIM09]. The iron loss model for flux density with DC bias can be then expressed as:
	
	(4.6)

	[bookmark: OLE_LINK9]
	(4.7)


where  is the iron loss.  is the DC bias flux density dependent coefficient, which represents the ratio between hysteresis losses with and without DC bias flux density.  and  are the hysteresis and eddy current losses coefficients, respectively.  is the frequency of AC flux density.  is the amplitude of AC flux density. and  are the DC bias coefficients and can be obtained by fitting the measured results.
It can be seen from (4.6) that only the hysteresis loss is influenced by the DC bias flux density. This is due to the fact that the shape of the B-H loop is influenced by DC bias flux density significantly. On the other hand, the eddy current loss is independent with the DC bias flux density since the eddy current loss depends on the induced voltage on the laminations and the resistivity of the lamination, which are not affected by the DC bias flux density. 
It should be noted from (4.6) that  and  are constants and the influence of temperature is not included. The coefficients are obtained by fitting the measured iron loss at a specific temperature (40ºC in this section). However, as it illustrated in Chapter 2 and Chapter 3, the coefficients  and  are flux density, frequency and temperature dependent [XUE16]. Furthermore, the DC bias flux density coefficient is also influenced by the temperature as shown in Fig 4.4. Therefore, it is necessary to consider all these influences for the accurate prediction of iron loss under DC bias flux density.
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Fig. 4.4 Measured  at 40°C and 100°C.
[bookmark: _Toc498330452]4.4 Improved Iron Loss Model for DC Bias Flux Density Considering Temperature Influence
[bookmark: _Toc498330453]4.4.1 The Improved Iron Loss Model
According to the investigation in Section 4.3, the coefficient  is not only the DC bias flux density dependent but also the temperature dependent. Furthermore, the hysteresis and eddy current loss coefficients  and  are also flux density, frequency and temperature dependent as investigated in Chapter 3. Therefore, an improved iron loss model for the flux density with DC bias is developed to consider all these dependencies of iron loss as:
	
	(4.8)

	
	(4.9)


where  and  are the DC bias flux density dependent coefficients at the actual temperature .
By applying the iron loss model (4.8), the temperature dependency of the iron loss under DC bias flux density can be fully considered. Theoretically, the iron loss at specific temperature can be calculated by the measured coefficients at that temperature. However, numerous of measurement must be done in order to guarantee the accuracy of the iron loss model, which will make the iron loss model impractical. Therefore, in this chapter, an engineering modelling method is carried out to model the temperature dependent coefficients. 
Fig 4.5 shows measured DC bias coefficients  and  at different temperatures. It can be seen that both  and  vary almost linearly with the temperature. Thus, with  and  obtained based on measured iron losses at only two different temperatures, they can be used to predict the iron loss at the other temperatures, the iron loss model is then simplified. Furthermore, Figs. 4.6 and 4.7 shows  and  variation with flux density, frequency and temperature. By considering these, the temperature influence on the iron loss under DC bias flux density can be then considered in the improved iron loss model (4.8).
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Fig. 4.5 DC bias coefficients variation with temperature.
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(b)
Fig. 4.6 Hysteresis loss coefficient. (a) f=50Hz. (b) f=1000Hz.
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(a)
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(b)
Fig. 4.7 Eddy current loss coefficient. (a) f=50Hz. (b) f=1000Hz.


[bookmark: _Toc498330454]4.4.2 Experimental Validation on Steel Lamination Ring Specimen
In order to evaluate the improved iron loss model (4.8) in the steel laminations, the measured and predicted iron losses are compared in Fig 4.8. The numerical relative errors are listed in Table 4.2. It can be seen from the results that both the existing iron loss model (4.6) and the improved iron loss model (4.8) can predict the iron loss at 40°C at different AC flux density, frequency and DC bias flux density with relative high accuracies. However, it shows that the improved iron loss model can predict the iron loss accurately even when the temperature rises significantly with the help of the temperature dependent coefficients. On the other hand, the existing iron loss model is not able to predict the iron loss accurately at temperature other than 40ºC due to the lack of temperature considerations.
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Fig. 4.8 Measured and predicted iron loss densities. (a) Bm=0.22T, f=100Hz. (b) Bm=0.22T, f=1000Hz. (c) Bm=0.42T, f=100Hz. (d) Bm=0.42T, f=1000Hz. (e) Bm=0.60T, f=100Hz. (f) Bm=0.60T, f=1000Hz.


TABLE 4.2 Iron loss models’ relative errors at different AC flux density, frequency, DC flux density and temperature
	
	Relative errors (%)

	Iron loss models
	Existing iron loss model (4.6)
	Improved iron loss model (4.8)

	Temperature
	40°C
	100°C
	40°C
	100°C

	Bm=0.22T, f=100Hz
	5.1
	12.7
	5.1
	7.2

	Bm=0.22T, f=400Hz
	2.0
	7.1
	1.9
	2.8

	Bm=0.22T, f=1000Hz
	1.6
	8.5
	1.2
	1.5

	Bm=0.42T, f=100Hz
	2.4
	4.7
	1.7
	2.2

	Bm=0.42T, f=400Hz
	6.1
	8.2
	6.0
	3.9

	Bm=0.42T, f=1000Hz
	9.5
	16.6
	9.0
	9.7

	Bm=0.60T, f=100Hz
	2.0
	7.2
	1.7
	1.3

	Bm=0.60T, f=400Hz
	1.9
	6.6
	1.8
	1.9

	Bm=0.60T, f=1000Hz
	2.1
	8.2
	2.0
	3.2

	Average
	3.6
	8.9
	3.4
	3.8


[bookmark: _Toc498330455]4.5 Further Validation of Improved Iron Loss Model on an Electrical Machine
In order to further evaluate the improved iron loss model for DC bias flux density, iron loss tests on an electrical machine are carried out in this section. Fig 4.9 shows the actual electrical machine test rig. The 12-slot/10-pole IPM machine introduced in Chapter 3 is used in the test. The parameters of this electrical machine are listed in Table 3.1. In order to provide the DC bias flux density in the electrical machine, permanent magnets are installed into the rotor. Furthermore, in order to minimize the influence of eddy current of magnets, ferrite magnets are used in the test due to its high resistivity and negligible magnet eddy current loss. 
The test is carried out in two steps. Firstly, the electrical machine is modelled in the FEA tools. In order to validate the FEA electrical machine model, the FEA predicted and measured back-EMFs at 900rpm are compared as shown in Fig 4.10. It can be seen that the predicted and measured back-EMFs match well. The FEA model of the IPM machine is then validated. 
Secondly, as shown in Fig 4.11, a three-phase AC power source is connected to the electrical machine to supply three-phase sinusoidal current. Thermal couples are installed at different parts of the electrical machine to measure the temperatures. The rotor is also locked to exclude the influence of mechanical loss. The iron loss is then obtained by subtracting the winding copper loss from the total loss. The temperature dependency of the phase resistance should also be considered when calculating the winding copper loss. The iron losses at two different temperatures are investigated. One is the room temperature 19 ºC. The other one is 101°C. The electrical machine is slowly heated up by inputting 3.5A/1000Hz three-phase current. Thus, the temperature at each part of the machine is very close to each other since the heat transfer is completed. Then, the losses are measured by applying the pre-tuned input. Since the voltages and currents can be accurately recoded in less than a few seconds, the temperature variation during the measurement can be neglected. In order to predict the iron loss by the iron loss models, the electrical machine is simulated by FEA with the measured phase current waveforms. Please note that all coefficients in the iron loss models are obtained based on the measured iron losses of the lamination tests. The measured and predicted iron losses are then compared to evaluate the model. Furthermore, in order to consider the thermal effect on the permanent magnets, magnetic parameters of the ferrite permanent magnets at 19 ºC and 101°C are applied in the FEA, respectively.
Fig 4.12 shows the comparison of measured and predicted results using different iron loss models when the temperature varies. It can be seen that the iron loss varies significantly with the temperature rise from 19ºC to 101ºC. On one hand, the improved iron loss model (4.8) keeps good accuracy even when the temperature varies. On the other hand, the existing iron loss model (4.6) cannot track this variation of iron loss due to the lack of consideration of temperature. The effectiveness of the improved iron loss model (4.8) for the iron loss prediction in the electrical machine is then validated.
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Fig. 4.9 Photo of electrical machine test system.
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[bookmark: OLE_LINK1]Fig. 4.10 Simulated and measured three-phase back EMF of 12-slot/10-pole IPM machine at 900rpm.
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Fig. 4.11 Schematic diagram of electrical machine test system.
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Fig. 4.12 Measured and predicted iron losses by different models.


[bookmark: _Toc498330456]4.6 Conclusions
In this chapter, the iron losses under different alternating flux densities, frequencies, DC bias flux densities and temperatures are measured. An improved model for the iron loss prediction under different DC bias flux density and temperature has been presented. The improved iron loss model is validated by tests on a steel lamination ring specimen as well as an electrical machine. The result show that the improved iron loss model (4.8) keeps good accuracy even when the temperature varies significantly with the help of temperature dependent coefficients.


[bookmark: _Toc498330457]Chapter 5 Iron Loss Model Considering Flux Density Distortion
As it described in Section 1.3, the flux density can be distorted from sinusoidal in electrical machines due to MMF harmonics. In this chapter, the investigation is focused on the iron loss model for distorted flux density. An improved iron loss model is developed after reviewing the existing iron loss models considering the influence of flux density distortion. In order to validate the improved iron loss model, iron loss tests are carried out on an electrical machine fed by a PWM inverter. The predicted iron loss results match well with the measured results, which shows that the improved iron loss model is able to predict iron loss even when the flux density distorted significantly from sinusoidal. 
[bookmark: _Toc498330458]5.1 Introduction
Many studies on the iron loss prediction have been carried out since it is essential for the evaluation of efficiency, temperature distribution, cooling and demagnetization of electrical machines. Different iron loss models are developed in [STE92] [BER85] [BER88] [ION07]. These models are based on the assumption that the flux density alternates sinusoidally. However, in actual electrical machines, the flux density can be distorted from sinusoidal. The causes of the distortion can be MMF harmonics due to the influences of topology, slot and pole number combination or winding arrangement. Furthermore, in actual drive systems, electrical machines are usually powered by PWM inverters. The current waveform can be almost sinusoidal if the switching frequency is high enough, the flux density in the electrical machine can be then almost sinusoidal. However, for most electrical machine applications especially when the power is high, the switching frequency is usually limited to be very low to reduce the loss on the semi conductive devices and to increase the efficiency of the system [GNA16]. In this case, the current waveform of electrical machines can be significantly distorted from sinusoidal. This can result in significant distortion of flux density in electrical machines and then additional iron loss can be introduced [BOG96] [CHA68]. According to the investigation in [CHA68], the iron loss of electrical machines fed by a PWM inverter can be more than three times higher than those fed by sinusoidal currents. 
The aim of this chapter is to develop an improved iron loss model considering the flux density distortion, which can consider the influence of flux density distortion as well as temperature. This improved iron loss model also should be easy to implement. This chapter is arranged as follows: In Section 5.2, the existing iron loss models are reviewed and the improved iron loss model is presented afterwards. In Section 5.3, iron loss tests in the 12-slot/10-pole IPM machine fed by a PWM inverter are carried out. In Section 5.4, the prediction results of the improved iron loss model are given. The improved iron loss model is then evaluated by comparing the predicted and measured iron losses.
[bookmark: _Toc498330459]5.2 Iron Loss Model for Distorted Flux Density Considering Temperature Influence
As illustrated in Chapter 3, the iron loss model (3.2) is the most accurate iron loss models when the flux density varies sinusoidally with the help of variable coefficients and the consideration of temperature influence. Therefore, in this chapter, iron loss model (3.2) is selected for the further investigation. 
In actual electrical machines, the flux density can be significantly distorted from sinusoidal due to MMF harmonics. On one hand, the hysteresis minor loops occur in the hysteresis major loops consequently. The hysteresis minor loops are shown in Fig 5.1, these hysteresis minor loops result in additional hysteresis loss. Therefore, a coefficient  is introduced to describe the ratio of hysteresis losses with and without minor loops [LAV78]. On the other hand, the harmonics of the distorted flux density also cause additional eddy current iron loss. Thus, the eddy current loss should be calculated by summing all the eddy current losses caused by each harmonic. The iron losses can be then expressed as:
	
	(5.1)

	
	(5.2)

	
	(5.3)


where  is the hysteresis loss when the flux density is distorted from sinusoidal.  is the coefficient considering the influence of hysteresis minor loops.  is the hysteresis loss under sinusoidal flux density.  is the coefficient depending on lamination properties.  is the amplitude of the fluctuated flux density shown in Fig 5.1.  is the eddy current loss including considering flux density distortion.  is the eddy current loss under sinusoidal flux density.
The temperature also affects the iron loss significantly. Fig. 5.2 shows measured B-H loops at different switching frequencies and temperatures at fundamental frequency 1Hz and flux density amplitude 1.20T. These test results are obtained when the ring specimen is powered by a PWM inverter as shown in Fig. 5.3. It can be seen that the shape B-H loops is influenced significantly by the switching frequency and the temperature. The iron loss is then affected. To fully consider the influence of flux density, frequency, flux density distortion and temperature, an improved iron loss model is developed as:
	
	(5.4)
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[bookmark: _Ref464404694][bookmark: _Ref464665550]Fig. 5.1 Flux density distortion in electrical machine caused by MMF harmonics.
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(a)
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(b)
Fig. 5.2 B-H loops at different switching frequencies fs and temperatures when the fundamental frequency f=1Hz, Bm=1.20T. (a) fs=500Hz. (b) fs=10kHz.
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Fig. 5.3 Schematic diagram of ring specimen measuring system under PWM.
[bookmark: _Toc498330460]5.3 Iron Loss Tests in Electrical Machine
In order to evaluate the improved iron loss model (5.4) on iron loss prediction in electrical machines, iron loss tests are carried out. The schematic diagram of the actual test system are shown in Fig 5.4. The tests are carried out on the 12-slot/10-pole IPM machine introduced in Chapter 3, whose main parameters are listed in Table 3.1. In order to investigate the influence of flux density distortion on iron loss, two sets of tests are carried out. One is conducted when the IPM machine is powered by a PWM inverter controlled by a dSPACE controller at different switching frequencies, as shown in Fig 5.4(a). The other one is carried out when the machine is powered by a three-phase current source California Instrument 4500il, as shown in Fig 5.4(b). For each iron loss test, the RMS value of the phase current is kept the same. In order to eliminate the influences of the magnet eddy current loss, the magnets are removed. Furthermore, the rotor of the machine is locked in order to eliminate the mechanical loss. In this case, the measured total iron loss can be obtained by subtracting the winding copper loss from the total losses 
In order to measure the temperatures of different parts of the electrical machine, six thermal couples are equipped in the stator yoke, the coil, the stator tooth, the tooth tip, the rotor magnet slot and the rotor yoke as shown in Fig 5.5. The measured temperatures of each part during the test are shown in Table 5.1. It can be seen that the temperature difference between different stator parts is very small. Hence, the temperature distribution of the stator is approximated as evenly and the average temperature is used for considering the temperature influence, which eases the modelling. On the other hand, it can be seen that the temperature difference between different rotor parts is also very small. Therefore, the same approximation is adopted for the rotor temperature. 
Fig 5.6 shows the measured phase current waveforms of the electrical machine at different fundamental frequency  and switching frequency  when the RMS value of the current is fixed to 2A. It can be seen that the current is distorted more significantly when the switching frequency is lower. 
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(b)
[bookmark: _Ref464329727]Fig. 5.4 Diagrams of iron loss test rig. (a) When powered by PWM inverter. (b) When powered by sinusoidal current supplier. 
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Fig. 5.5 Locations of thermal couples in the electrical machine.
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(c)
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(d)
Fig. 5.6 Measured current waveforms at different frequency f and switching frequency fs, at 2A. (a) f=50Hz, fs=1kHz. (b) f=50Hz, fs=2kHz. (c) f=100Hz, fs=1kHz. (d) f=100Hz, fs=2kHz.
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(d)
Fig. 5.7 FFT of current waveforms at different fundamental frequency  and switching frequency fs, at 2A. (a) f=50Hz, fs=1kHz. (b) f=50Hz, fs=2kHz. (c) f=100Hz, fs=1kHz. (d) f=100Hz, fs=2kHz.



TABLE 5.1. Different parts temperatures in 12-slot/10-pole IPM machine (°C)
	Switching frequency
	1kHz
	2kHz
	5kHz
	10kHz
	Sine

	[bookmark: _Hlk468878082]f=50Hz

	[bookmark: _Hlk468877712]Stator yoke
	26
	22
	21
	18
	18

	Coil
	28
	24
	22
	19
	18

	Stator tooth
	26
	24
	21
	18
	18

	Tooth tip
	26
	22
	21
	18
	18

	Stator average
	27
	23
	21
	18
	18

	Rotor magnet slot
	20
	19
	19
	18
	18

	Rotor yoke
	20
	19
	18
	18
	18

	Rotor average
	20
	19
	19
	18
	18

	f=100Hz

	Stator yoke
	31
	27
	25
	24
	22

	Coil
	31
	28
	25
	25
	22

	Stator tooth
	30
	27
	25
	24
	22

	Tooth tip
	30
	27
	25
	24
	22

	Stator average
	31
	27
	25
	24
	22

	Rotor magnet slot
	21
	20
	20
	19
	19

	Rotor yoke
	20
	20
	19
	19
	19

	Rotor average
	21
	20
	20
	19
	19




[bookmark: _Toc498330461]5.4 Experimental Validation
In order to validate the improved iron loss model, it is necessary to compare the measured and predicted iron losses by different iron loss models. On one hand, the iron losses at different switching frequencies are measured by the method demonstrated in Section 5.3. On the other hand, in order to predict the iron loss, the electrical machine is simulated by FEA with the measured current waveforms as shown in Fig 5.6. The flux density variation in the whole period of all elements can be then obtained and used for iron loss prediction. Fig 5.8 shows the predicted flux density waveforms at different parts of electrical machine when the fundamental frequency is 100Hz and the switching frequency is 1kHz. It can be seen that the flux density is distorted significantly from sinusoidal. The measured temperatures listed in Table 5.1 are also used in (3.2) and (5.4) to predict the iron loss considering the temperature influence.
For comparison, the predicted iron losses by (3.2), (5.4) and FEA (Ansoft/Maxwell) are all obtained and compared with the measured results in Fig 5.9. Please note that (3.2) does not consider the influence of hysteresis minor loops and the eddy current harmonics, while these influences are fully considered in (5.4). 
It can be seen that the predicted iron losses of all these three methods are accurate when the phase current is sinusoidal. However, the actual iron loss in the electrical machine will be significantly influenced by the flux density distortion caused by PWM inverter. The iron loss increases dramatically when the inverter switching frequency reduces. In this case, the iron loss model (3.2) and FEA are no longer able to predict the iron loss accurately since the influence of hysteresis minor loops and eddy current harmonics are neglected. On the other hand, the improved iron loss model (5.4) remains accurate even when the switching frequency is as low as 1kHz. 
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(d)
Fig. 5.8 Flux densities when f=100Hz, fs=1kHz. (a) Point 1. (b) Point 2. (c) Point 3. (d) Point 4. (Br: radial flux density, Bt: tangential flux density).
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Fig. 5.9 Comparison of measured and predicted results.
[bookmark: _Toc498330462]5.5 Conclusions
The flux density in electrical machine can be significantly distorted from sinusoidal, especially when the electrical machine is fed by a PWM inverter and the switching frequency is low. This distortion can cause significant increase of iron loss, which is experimentally confirmed in this chapter. Furthermore, the temperature influences the iron loss significantly. Therefore, an improved iron loss model is developed to consider the influences of additional iron loss caused by flux density distortion as well as the temperature. By using the improved iron loss model, the iron loss can be predicted accurately, even when the flux density significantly distorted from sinusoidal.


[bookmark: _Toc498330463][bookmark: OLE_LINK15][bookmark: OLE_LINK16]Chapter 6 Iron Loss Model for Arbitrary Flux Density Waveform Considering Temperature Influence
In this chapter, an iron loss model for arbitrary flux density waveform considering temperature influence is developed. An electrical machine test is carried out, the iron loss model is then validated in the electrical machine.
[bookmark: _Toc498330464]6.1 Introduction
When the flux density alternates non-sinusoidally, the iron loss will be influenced significantly. Improvements have to be done to adapt different conditions. As investigated in Chapter 4 and Chapter 5, two of the most common conditions in electrical machines are DC bias flux density and flux density distortion caused by MMF harmonics. In actual electrical machines, the flux density waveform can be arbitrary while the temperature varies significantly. None of the iron loss models considers all the different conditions in electrical machines, which is very important for the accurate prediction of iron loss in electrical machines.
The aim of this chapter is to develop an iron loss model for arbitrary flux density waveform while considering the temperature influence. This chapter is organized as follows: In Section 6.2, the improved iron loss model for arbitrary flux density waveform is developed based on experimental results of steel laminations. In Section 6.3, an electrical machine test is carried out, the improved iron loss model is then validated on the electrical machine.
[bookmark: _Toc498330465]6.2 Iron Loss Model for Arbitrary Flux Density Waveform Considering Temperature Influence
In electrical machines, the flux density waveform can be arbitrary while the temperature can vary significantly. As illustrated in Chapter 3, the temperature influences iron loss significantly. The hysteresis loss and eddy current loss coefficients are not only flux density and frequency dependent, but also temperature dependent. Furthermore, as investigated in Chapter 4, the DC bias flux density influences the iron loss. The DC bias coefficients are also influenced by temperature. Moreover, Chapter 5 investigated the iron loss influence of flux density distortion. In order to consider all these conditions described above, the iron loss model which considers all the influences of DC bias flux density, flux density distortion and the temperature can be developed as:
	
	(6.1)

	
	(6.2)

	
	(6.3)


where  is the coefficient considering the influence of hysteresis minor loops.  is the DC bias flux density dependent coefficient, which represents the ratio between hysteresis losses with and without DC bias flux density.  is the DC bias flux density.  and  are the hysteresis loss and eddy current coefficients, respectively.  is the coefficient depending on lamination properties.  is the amplitude of the fluctuated flux density shown in Fig 5.1.  and  are the DC bias coefficients, which are also temperature dependent.
[bookmark: _Toc498330466]6.3 Validation of the Iron Loss Model in an Electrical Machine
In order to validate the improved iron loss model for arbitrary flux density, electrical machine tests are carried out in this section. A 6-stator-pole/7-rotor-pole variable flux reluctance machine (6s/7r VFRM) is used in the test as shown in Fig. 6.1. The specification of the 6s/7r VFRM is listed in Table 6.1. As shown in Fig. 6.2, the armature winding is fed by the PWM inverter, which is controlled by a dSPACE based controller. The field winding is powered by a DC power source. In this case, significant DC bias flux density as well as flux density distortions caused by PWM inverter exist in the stator and rotor cores [HUA17a] [HUA17b]. In order to exclude the influence of mechanical loss, the rotor is locked during the test. In this case, the total iron loss can be obtained by subtracting the winding copper loss from the total input power as:
	
	(6.4)


where  is the input power from the PWM inverter.  is the winding copper loss, which can be calculated by the phase current and resistance of the armature windings. 
The winding copper loss of the 6s/7r VFRM can be obtained as:
	
	(6.5)


where  is the armature winding phase current RMS value of the 6s/7r VFRM.  is the phase resistance of the armature winding at temperature .
DC power source is connected to the armature winding of the 6s/7r VFRM for measuring the phase resistance. The phase resistance  can be calculated by the measured voltage on the winding and the current in the winding. Furthermore, in order to measure the resistance at different temperature, the winding is heated by the winding copper loss generated by itself. The temperature can be then measured by the thermal couple equipped in the coil. The resistance is expressed as:
	
	(6.6)


where , ,  are the resistance of the winding, the DC voltage on the winding and the DC current in the winding when the temperature is , respectively.
The phase resistance of the 6s/7r VFRM at different temperature is presented in Fig. 6.3. The temperature dependent resistance is then obtained by fitting the measured resistances at different temperature as below:
	
	(6.7)


where  is the resistance at the actual temperature T.  is the resistivity at the base temperature .  is the temperature coefficient. 
The evaluation process is carried out as follows. Firstly, the measured iron loss and phase current waveform can be obtained by the electrical machine test. In order to consider the temperature influence on iron loss in the calculation, the temperature of the stator and the rotor are also measured by the thermal probes. The temperatures are listed in Table 6.2. Secondly, the electrical machine is modelled in the FEA software. Fig. 6.4 shows the measured and the calculated back EMFs when the rotor speed is 847rpm. The FEA model is then validated as the measured and calculated results agree well. Furthermore, the FEA model is simulated with measured phase current waveforms. The flux density of every finite element can be then recorded and extracted. The iron loss is then calculated from the flux density in each element using the iron loss models. 
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Fig. 6.1 6s/7r VFRM [HUA17b].


TABLE 6.1 6s/7r VFRM specification
	Parameter
	Unit
	Value

	Stator outer radius
	mm
	45

	Airgap length
	mm
	0.5

	Turns per coil (AC/DC)
	-
	144/144

	Stack length
	mm
	25
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Fig. 6.2 Iron loss test system.
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Fig. 6.3 6s/7r VFRM phase resistance variation with temperature.
TABLE 6.2 Stator and rotor temperatures
	Switching frequency fs
	10kHz
	5kHz
	2kHz
	1kHz

	f=50Hz

	Stator temperature (°C)
	43
	50
	58
	51

	Rotor temperature (°C)
	26
	27
	27
	27

	f=100Hz

	Stator temperature (°C)
	43
	56
	62
	48

	Rotor temperature (°C)
	26
	27
	27
	27

	f=200Hz

	Stator temperature (°C)
	47
	53
	60
	63

	Rotor temperature (°C)
	26
	27
	27
	27
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Fig. 6.4 Measured and calculated back EMF by FEA at 847rpm, IDC=2A.
Figs. 6.5 and 6.6 show the phase current waveforms and harmonic analyses when the fundamental frequency  is 100Hz at different switching frequency. It can be seen that the current waveform is almost sinusoidal when the switching frequency is 10kHz. When the switching frequency decreases, the current waveform is distorted significantly. This distortion causes significant fluctuation of the flux density in the electrical machine as shown in Fig. 6.7. On the other hand, it also can be seen in Fig. 6.7 that significant DC bias flux density exists in both of the stator and the rotor of the machine.
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(d)
Fig. 6.5 Phase current waveforms at f=100Hz. (a) fs=10kHz. (b) fs=5kHz. (c) fs=2kHz. (d) fs=1kHz.
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(d)
Fig. 6.6 Phase current waveform harmonic analyses at f=100Hz. (a) fs=10kHz. (b) fs=5kHz. (c) fs=2kHz. (d) fs=1kHz.
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(d)
Fig. 6.7 Radial and tangential flux density waveforms at different positions when f=100Hz, fs=1kHz. (a) Point 1. (b) Point 2. (c) Point 3. (d) Point 4. (Br: radial flux density, Bt: tangential flux density).
Fig. 6.8 shows the measured and calculated results. It can be seen that the accuracy of the improved iron loss model (6.1) is good with the help of the consideration of the DC bias flux density, the flux density distortion and the temperature. The effectiveness of the improved iron loss model for arbitrary flux density waveform considering temperature influence is then confirmed.
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Fig. 6.8 Measured and calculated iron losses, IDC=2A.
[bookmark: _Toc498330467]6.4 Conclusions
In this chapter, an improved iron loss model (6.1) for arbitrary flux density waveform considering temperature influence is developed. In order to validate the improved model on iron loss prediction in electrical machines, an electrical machine test is carried out. The test results show that the improved iron loss model can predict the iron loss accurately in the electrical machine, even when there are significant DC bias flux density and flux density distortion, and the temperature varies significantly. 


[bookmark: _Toc498330468]Chapter 7 General Conclusions and Future Work
[bookmark: _Toc498330469]7.1 General Conclusions
[bookmark: _Toc498330470]7.1.1 Iron Loss Models for Sinusoidal Flux Density
In this thesis, the measurement method of the iron loss in steel laminations for sinusoidal flux density is described. Iron losses are measured at different frequency, flux density and temperature. The coefficients for different iron loss models are obtained based on the measurement results. 
Four of the most commonly used iron loss models for alternating sinusoidal flux density at constant temperature are compared based on experiment results of steel lamination ring specimen test. One of the most accurate iron loss model for sinusoidal flux density at constant temperature is then identified.
The temperature influence on the iron loss under sinusoidal flux density is systematically investigated. The variations of iron loss coefficients with temperature are modelled, an improved iron loss model is then developed. Electrical machine tests are also carried out to evaluate the improved iron loss model.
Based on the investigations in this thesis, some conclusions can be drawn as follows:
· The iron loss model (2.7) developed in [ION07] has the best accuracy when the flux density alternates sinusoidally at constant temperature with the help of variable hysteresis and eddy current losses coefficients.
· Both the hysteresis and eddy current losses vary with the temperature. The variations of hysteresis and eddy current losses with temperature are almost linear in the typical operation range of electrical machines although the varying rates of hysteresis and eddy current losses are different. 
· An iron loss model (3.2) for sinusoidal flux density considering temperature influence is proposed in this thesis. Using the improved model, the temperature influence on iron loss can be fully considered by measuring the results simply at two different temperatures. 
[bookmark: _Toc498330471]7.1.2 Iron Loss Models for Flux Density with DC Bias
In order to investigate the iron loss under flux density with DC bias, an improved iron loss measurement method of steel laminations for flux density with DC bias is used and developed in this thesis. The DC bias flux density influence on the iron loss is investigated based on the measurement results. Furthermore, the temperature dependency of the DC bias coefficients is investigated and modelled. An improved iron loss model for flux density with DC bias considering temperature influence is proposed in this thesis. An electrical machine test is carried out to evaluate the improved iron loss model. According to the investigations in this thesis, some conclusions can be drawn as follows:
· Additional iron loss will be introduced when DC bias flux density exists. DC bias coefficients are introduced to consider this influence. The DC bias coefficients are also temperature dependent.
· An improved model (4.8) for the iron loss prediction under different DC bias flux density and temperature has been developed. The improved iron loss model (4.8) keeps good accuracy even when the temperature varies significantly with the help of temperature dependent coefficients.
[bookmark: _Toc498330472]7.1.3 Iron Loss Models for Flux Density Distortion
In this thesis, iron loss models considering flux density distortion are reviewed. An improved iron loss model is developed with the consideration of temperature influence. Iron losses of an electrical machine fed by PWM inverter are measured at different switching frequency and temperature. The improved iron loss model is then validated by the comparison of calculated and measured results. Some conclusions can be summarised as follows:
· Flux density in electrical machines can be distorted from sinusoidal, especially when the electrical machine is fed by a PWM inverter and the switching frequency is low. The flux density distortion influences the iron loss significantly. This influence is experimentally confirmed in this thesis. Furthermore, the temperature influences the iron loss significantly. 
· An improved iron loss model (5.4) is developed to consider the influence of the flux density distortion as well as the temperature. By using the improved iron loss model, the iron loss can be predicted accurately when the temperature varies and the switching frequency is as low as 1kHz.
[bookmark: _Toc498330473]7.1.4 Iron Loss Models for Arbitrary Flux Density
In real electrical machines, the flux density waveform can be arbitrary and the temperature varies. None of the iron loss models described above considers all the different conditions in electrical machines. In order to consider all these conditions, an improved iron loss model for arbitrary flux density waveform considering temperature influence is developed in this thesis. An electrical machine test is also carried out. The improved iron loss model is then validated in the electrical machine. The conclusion on the iron loss for arbitrary flux density can be summarised as:
· An improved iron loss model (6.1) for arbitrary flux density waveform considering temperature influence is developed in this thesis. The improved iron loss model (6.1) is validated by an electrical machine test.
[bookmark: _Toc498330474]7.1.5 Summary
The iron loss model (2.7) has the best accuracy when the flux density alternates sinusoidally at constant temperature. However, the temperature can significantly influence the iron loss of electrical machines. The existing iron loss models including the iron loss model (2.7) will be inaccurate when the temperature varies. In order to solve this problem, improved iron loss models with temperature considerations are developed for different conditions including sinusoidal flux density (3.2), flux density with DC bias (4.8), flux density distortions caused by MMF harmonics (5.4) and arbitrary flux density (6.1). Several steel lamination tests and electrical machine tests are carried out. The test results indicate that the improved iron loss models can effectively consider the temperature effect of the iron loss at each condition. In other word, the improved iron loss models have better accuracy than existing iron loss models.


[bookmark: _Toc498330475]7.2 Future work
The work presented in this thesis investigates the temperature effect on the iron loss. Different iron loss models have been developed in this thesis for different conditions. The purpose of the work has been achieved, as the developed iron loss models are validated by both the steel lamination test and electrical machine test. However, a few areas in this topic are still open for further investigation and improvement: 
· The iron loss influenced by the temperature significantly according to the investigation in this thesis. The iron loss is also an important consideration in analyzing the electrical machine’s thermal behavior. Therefore, it will be useful to combine the loss analysis with the thermal analysis in electrical machine design process in the future. More accurate prediction result can be achieved by applying the thermal-electromagnetic analysis. 
· The temperature dependencies of the iron losses are almost linear when the temperature is below 200°C as investigated in this thesis. However, temperature dependencies of the iron losses may become nonlinear when the temperature is above 200°C according to the measurement result in [TAK10]. The modelling of the nonlinear dependencies of iron loss should be considered in the future as the electrical machine will operate at temperature higher than 200°C in some special applications.
· In this thesis, Si-Fe steel laminations are investigated to illustrate and evaluate the iron loss models. More types of material need to be investigated to make the iron loss models practical to different applications which are made of different material.
· When the flux density is rotational, the hysteresis loss is dependent on the ellipticity of the locus of the rotational flux density. This dependency is investigated in [ZHU98] [GUO08]. The influence of rotational flux density may not be fully taken into account by decomposing the rotational flux density into two components. However, special x-y axis test apparatuses and measuring procedures are needed in order to fully account for the rotational flux density. Further studies on the combined effects of DC bias, flux density distortion, temperature and rotational flux density should be done in the future.


[bookmark: _Toc498330476]Appendix 
A Simplified Iron Loss Model Considering Temperature Influence for Sinusoidal Flux Density
The modelling of the temperature dependency of iron loss is presented in Chapter 3 in this thesis. The aim of this section is to provide a simplified method considering the temperature influence for sinusoidal flux density. In order to obtain general conclusions, two typical non-oriented Si-Fe steel laminations, i.e. 0.35mm thick V300-35A and 0.5mm thick V470-50A, are investigated. The properties of V300-35A and V470-50A are shown in Table A.1. 
[bookmark: OLE_LINK136]TABLE A.1 V300-35A and V470-50A properties
	
	V300-35A
	V470-50A

	Silicon content
	2.5%
	1.5%

	Resistivity (40°C)
	5.36×10-7 Ω m
	4.02×10-7 Ω m

	Resistivity (100°C)
	5.82×10-7 Ω m
	4.37×10-7 Ω m


[bookmark: _Toc498330477]A.1 Simplified Model
According to the investigation carried out in Chapter 3 of this thesis, it is necessary to take temperature dependency of both hysteresis and eddy current losses into account in order to achieve a good accuracy. In order to achieve a good accuracy while keeping the model very easy to implement, a temperature dependent coefficient  is introduced to the total iron loss as:
	
	(A.1)


where  is the iron loss density at actual temperature T.  is the iron loss density at the base temperature .  is the temperature coefficient representing the ratio of the iron loss when the temperature is  and .. 
By applying (A.1) to the existing iron loss (2.7), the simplified iron loss model considering temperature influence can be expressed as
	
	(A.2)


According to the investigation in Chapter 3, the iron loss variation with temperature can be approximately considered to be linear when the flux density and frequency are constant. Thus, the temperature coefficient  can be expressed as
	
	(A.3)

	
	(A.4)


where  is the iron loss density when the temperature is . D is the iron loss varying rate per ºC. A positive value of D means that the iron loss decreases with temperature rise whilst a negative value of D indicates that the iron loss increases with temperature rise.
The values of D are obtained from the measured iron losses at two different temperatures when the frequency and flux density are fixed. By choosing T0=40°C and T1=100°C, the points in Fig. A.1 (a) and (b) show the variations of D measured in the V300-35A and V470-50A laminations. It can be seen that D varies with the flux density differently depending on whether the frequency is low or high. This variation is caused by the difference in temperature dependency of hysteresis loss and eddy current loss with flux density and frequency, which has also been experimentally confirmed in [SAI05] [TAK10] and [TAK11]. In order to ensure that the model is easy to implement, an engineering method is carried out to predict the values of D as follows. Firstly, the values of D are measured at several different flux densities and frequencies. Secondly, the values of D at each frequency are averaged, as shown in Fig. A.1. Finally, the value of D at any frequency can be predicted by utilizing curve fitting to the averaged values, as shown by the dashed lines in Fig. A.1.
Based on the foregoing method (A.1)-(A.4), a simplified iron loss model is developed. The iron loss at any operating point in the test range can be predicted by measuring the iron loss at several points. 
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(b)
Fig. A.1 Measured and calculated D at different flux density. (a) V300-35A. (b) V470-50A.


[bookmark: _Toc498330478]A.2 Experimental Validation
In order to evaluate the simplified iron loss model, the measured and predicted iron losses in V300-35A and V470-50A laminations when the temperature is 100°C are shown in Fig. A.2. It can be seen from Fig. A.2 that when the temperature changes to 100°C, the simplified model can track the variations of iron loss precisely. 
The comparison of relative prediction errors of the existing model (2.7), the improved model (3.2) and the simplified model (A.2) in both V300-35A and V470-50 laminations are shown in Fig. A.3. It can be seen that the relative prediction errors of the existing model (2.7) increase significantly when the temperature increases. This is due to the coefficients of the existing model (2.7) being obtained at 40ºC. When the temperature rises, the prediction value is fixed, while the actual iron loss changes. The relative errors of both the improved model (3.2) and the simplified model (A.2) almost keep constant when the temperature varies significantly. The simplified model (A.2) is then validated.
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(d)
Fig. A.2 Comparison of iron loss predicted by existing model (2.7) and simplified model (A.2) with measured iron loss at 100°C. (a) Bm=0.60T, V300-35A. (b) Bm=0.60T, V470-50A. (c) Bm=1.54 T, V300-35A. (d) Bm=1.54 T, V470-50A.
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[bookmark: _Ref418770961][bookmark: _Ref419806737]Fig. A.3 Relative prediction errors of existing model (2.7), improved model (3.2) and simplified model (A.2) at different frequencies and flux density. (a) V300-35A. (b) V470-50A.
[bookmark: _Toc498330479]A.3 Conclusions
In this Appendix, the temperature influences on iron loss is investigated. A simplified iron loss model considering temperature dependency of iron loss is developed. It shows that the simplified iron loss model (A.2) can predict iron loss with better and more stable accuracy compare to the existing iron loss model (2.7) when the temperature varies. Furthermore, the simplified iron loss model (A.2) remains simple and easy to implement comparing to the improved iron loss model (3.2) developed in Chapter 3. 
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