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[bookmark: _Toc409958823]Abstract
This thesis describes an investigation into two types of electrical machines for EV/HEV applications, i.e. induction machine (IM) and permanent magnet assisted synchronous reluctance machine (PMA-SynRM). Both are low-cost due to no or less usage of NdFeB permanent magnet (PM), compared with interior PM (IPM) machines.
IM is investigated with particular reference to its maximum torque/power-speed characteristic. Firstly, an analytical method based on dq-axis reference frame to obtain the maximum torque/power-speed characteristic is developed and validated by experiments. Then, the influences of some design parameters on the flux-weakening performance are investigated, such as the ratio of leakage to mutual inductance, stator and rotor resistances, and iron saturation, etc. In addition, the influences of some physical parameters on the torque/power-speed characteristic are investigated, including split ratio, number of stator/rotor slots per pole per phase, length of airgap, number of pole pairs and stator/rotor slot area, etc. Finally, the difference in maximum torque/power-speed characteristics between motor and generator modes is described, and how the design parameters influence the difference is investigated.
For PMA-SynRM, a novel hybrid-PM assisted SynRM is proposed, which utilizes both ferrite and NdFeB PMs. The design process is presented and the electromagnetic performance and material cost are analyzed and discussed. The analyzed electromagnetic performances include electromagnetic torque, flux density, back electromotive force (EMF), torque/power-speed characteristic, power factor, torque ripple, cogging torque and demagnetization, etc.
Finally, the electromagnetic performances and material costs of IM and hybrid-PM assisted SynRM are compared with those of IPM, respectively, including torque capability per Ampere, torque/power-speed characteristic, power factor, torque ripple and efficiency map, etc.
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	a1
	Number of parallel branches of winding 
	m2

	AB
	Area of one rotor bar of IM 
	m2

	Ac1, Ac2
	Areas of stator and rotor yoke of flux path per pole 
	m2

	Ag
	Area of airgap per pole 
	m2

	AR
	Area of rotor end ring of IM 
	m2

	At1, At2
	[bookmark: OLE_LINK305][bookmark: OLE_LINK306][bookmark: OLE_LINK307]Areas of stator and rotor teeth of flux path per pole 
	m2

	Awir
	Cross-section area per wire copper 
	m2

	b01, b11
	Stator slot opening and slot width (Fig. 2.1) 
	m

	b02, b12, b22
	Rotor slot opening and slot width (Fig. 2.1)
	m

	[bookmark: _Hlk395008377]Bc1, Bc2
	Maximum flux densities in stator and rotor yokes
	T

	Bg
	Maximum flux density in airgap
	T

	bsk
	Maximum distance that the rotor bar has been skewed
	m

	[bookmark: _Hlk395008355]Bt1, Bt2
	Maximum flux densities in stator and rotor tooth
	T

	bt1, bt2
	Stator and rotor tooth widths
	m

	C1, C2
	Empirical coefficients for stator and rotor yoke magnetomotive force (MMF) calculation
	

	cos(φ)
	Power factor
	

	Di
	Stator inner diameter
	m

	[bookmark: OLE_LINK325][bookmark: OLE_LINK326][bookmark: OLE_LINK327]DR
	Rotor end ring diameter
	m

	Eg
	RMS of airgap electromotive force (EMF) of per phase IM
	V

	Er
	RMS of rotor EMF per phase of IM
	V

	Es
	RMS of stator EMF per phase of IM
	V

	fs
	Stator current frequency
	Hz

	Fc1, Fc2
	MMF of stator and rotor yoke
	At

	Fg
	MMF of airgap
	At

	Fm
	Exciting MMF
	At

	[bookmark: _Hlk395007095]Ft1, Ft2
	MMF of stator and rotor tooth
	At

	g
	Airgap length
	m

	GFej, GFej2
	Stator and rotor total tooth weights
	kg

	GFet, GFet2
	Stator and rotor yoke weights
	kg

	[bookmark: OLE_LINK347][bookmark: OLE_LINK348][bookmark: OLE_LINK349][bookmark: OLE_LINK424][bookmark: OLE_LINK425]h01, h11, h21
	Stator slot heights (Fig. 2.1)
	m

	h02, h12, h22
	Rotor slot heights (Fig. 2.1)
	m

	hb1, hb2, hb3
hb1', hb2', hb3'
	Thicknesses of layers of barriers of SynRM (Fig. 5.2)
	m

	hbar
	Average thickness of barriers in SynRM
	m

	Hc1, Hc2
	Maximum magnetic fields in stator and rotor yokes
	A/m

	Hg
	Maximum magnetic field in airgap
	A/m

	[bookmark: OLE_LINK426][bookmark: OLE_LINK427][bookmark: _Hlk395035659]hi1, hi2, hi3
[bookmark: OLE_LINK428][bookmark: OLE_LINK429][bookmark: OLE_LINK430][bookmark: OLE_LINK431][bookmark: OLE_LINK435][bookmark: OLE_LINK436]hi1', hi2', hi3', hi4'
	[bookmark: OLE_LINK432][bookmark: OLE_LINK433][bookmark: OLE_LINK434][bookmark: OLE_LINK448][bookmark: OLE_LINK449][bookmark: OLE_LINK446][bookmark: OLE_LINK447][bookmark: OLE_LINK444][bookmark: OLE_LINK445]Thicknesses of layers of irons of SynRM (Fig. 5.2)
	m

	[bookmark: OLE_LINK439][bookmark: OLE_LINK440][bookmark: OLE_LINK441]hiron
	Average thickness of iron layers in SynRM
	m

	hs, hr
	Stator and rotor slot total heights
	m

	Ht1, Ht2
	Maximum magnetic fields in stator and rotor teeth
	A/m

	, 
	Magnetic path lengths in stator and rotor teeth
	m

	
	Stator current vectors in dq frame
	A

	[bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK31]ia
	Stator phase current amplitude
	A

	Ibase
	Base value of current
	A

	id, iq
	Stator d- and q-axis currents
	A

	ilim
	Limit of stator phase current amplitude
	A

	Im
	RMS of exciting current
	A

	ip
	Scaled stator phase current amplitude
	A

	Ir , Is
	RMS values of rotor and stator phase current 
	A

	ir
	Rotor current amplitude
	A

	J
	Stator current density
	A/m2

	k2
	Order of rotor MMF harmonic
	

	KB
	Rotor bar skin-effect coefficient
	

	
	Average Carter coefficient
	

	Kdp1
	Stator winding factor
	

	kj
	Correction coefficient for yoke iron loss calculation
	

	KL1, KL2
	[bookmark: OLE_LINK344][bookmark: OLE_LINK345][bookmark: OLE_LINK346]Coefficients for stator and rotor slot leakage inductance coefficients calculation
	

	kpac
	Packing factor
	

	Ks
	Ratio of maximum flux density to average flux density in airgap
	

	Ks_coil
	End winding shape empirical coefficient used for winding end length calculation
	

	kt
	Tooth iron loss correction coefficient
	

	Kt1, Kt2
	Saturation coefficients used for magnetic circuit calculation
	

	[bookmark: _Hlk395011260]KU1, KU2
	Coefficients for stator and rotor slot leakage inductance coefficients calculation
	

	L
	Stack length
	m

	LB
	Rotor bar length
	m

	Lbase
	Base value of inductance
	H

	, 
	Magnetic path lengths in stator and rotor yokes
	m

	Ld, Lq
	D- and q-axis inductances of IPM
	H

	Ld1, Ld2
	Stator and rotor harmonic leakage inductances
	H

	Le1, Le2
	Stator and rotor end leakage inductances
	H

	Lend
	Length of coil end part
	m

	Lhalf_turn
	Average length of half coil
	m

	Lline
	Length of straight part of coil
	m

	Lm, Ls, Lr
	Mutual, stator and rotor inductances of IM
	H

	Lmp, Lsp, Lrp
	Scaled mutual, stator and rotor inductances
	

	Lmd, Lmq
	magnetizing components d- and q-axis inductances
	H

	Ls1, Ls2
	Stator and rotor slot leakage inductances
	H

	Lsk
	Slot skewing leakage inductance
	H

	Lt
	Ls-Lm2/Lr
	H

	[bookmark: OLE_LINK319][bookmark: OLE_LINK320][bookmark: OLE_LINK321], , 
	Total, stator and rotor leakage inductances
	H

	
	Scaled total leakage inductance
	

	m1
	Number of phases
	

	N1
	Number of parallel wires per turn per coil
	

	n, ns
	Mechanical speeds of rotor and field in the airgap
	rpm

	p
	Number of pole pairs
	

	PCu1, PCu2
	Stator and rotor copper losses
	W

	PCu1_M, PCu1_G
	Stator copper losses in motor and generator modes
	W

	PCu2_M, PCu2_G
	Rotor copper losses in motor and generator modes
	W

	Pem
	Electromagnetic power
	W

	Pem_M, Pem_G
	Electromagnetic power in motor and generator modes
	W

	[bookmark: OLE_LINK89][bookmark: OLE_LINK90][bookmark: OLE_LINK91][bookmark: _Hlk395004080]PFe1, PFe2
	Stator and rotor iron losses
	W

	PFej, PFej2
	Stator and rotor yoke iron losses
	W

	pFej, pFej2
	Stator and rotor yoke iron loss coefficients
	W/kg

	PFet, PFet2
	Stator and rotor tooth iron losses
	W

	pFet, pFet2
	Stator and rotor tooth iron loss coefficients
	W/kg

	Pfw
	Frictional loss
	W

	Pout
	Output power
	W

	Pout_M, Pout_G
	Output power in motor and generator modes
	W

	Q1, Q2
	Numbers of stator and rotor slots
	

	q1, q2
	Numbers of stator and rotor slots per pole per phase
	

	Qp
	Number of slots per pole
	

	r21
	Stator slot bottom radius (Fig. 2.1)
	m

	RB
	Rotor bar resistance transformed to stator side
	Ω

	Rbase
	Base value of resistance
	Ω

	Rm
	Iron loss resistance of IM
	Ω

	Rr
	Rotor phase resistance transformed to stator side
	Ω

	RRing
	Rotor end ring resistance transformed to stator side
	Ω

	Rs, Rr
	Stator and rotor phase resistances
	Ω

	Rsp, Rrp
	Scaled stator and rotor resistances
	

	s
	Slip ratio
	

	Sslot
	Area per stator slot
	m2

	t1, t2
	Stator and rotor slot pitches in terms of distance
	m

	[bookmark: _Hlk395036792]Tbarrier, Tferrite, TNdFeB
	Torque components contributed by barriers, ferrite and NdFeB
	Nm

	Tbase
	Base value of torque
	Nm

	[bookmark: _Hlk395036722]Tem
	[bookmark: OLE_LINK78]Electromagnetic torque
	Nm

	Temp
	Scaled electromagnetic torque
	Nm

	[bookmark: _Hlk395036913]TPM_ferrite, TPM_NdFeB
	PM torque components contributed by ferrite and NdFeB
	Nm

	[bookmark: _Hlk395036865]Trel
	Reluctance torque 
	Nm

	Tshaft
	Shaft torque 
	Nm

	Tshaft_M, Tshaft_G
	Shaft torque in motor and generator modes
	Nm

	,  
	Stator voltage vector in dq frame
	V

	ua
	Stator phase voltage amplitude
	V

	Ubase
	Base value of voltage
	V

	ud, uq
	Stator d- and q-axis voltages
	V

	Udc
	DC link voltage
	V

	udp, uqp
	Scaled stator d- and q-axis voltages
	

	ulim
	Stator phase voltage amplitude limit
	V

	urd, urq
	Rotor and rotor d- and q-axis voltages
	V

	Us, 
	RMS value and vector of stator phase voltage 
	V

	v
	Order of stator MMF harmonic
	

	Wφ
	Number of series turns per phase
	

	Xm
	Exciting reactance of IM
	Ω

	Xσs, Xσs
	Stator and rotor leakage reactances
	Ω

	Y
	Coil pitch in terms of slot number
	

	Zϕ1
	Number of series conductors per phase of winding
	

	ΣS, ΣR
	Coefficient used for stator and rotor harmonic leakage inductances calculation
	

	𝜓a
	RMS of stator phase flux linkage
	Wb

	
	Base value of flux linkage
	Wb

	[bookmark: OLE_LINK46][bookmark: OLE_LINK47][bookmark: OLE_LINK48]𝜓d , 𝜓q
	Stator d- and q-axis flux linkages
	Wb

	
	PM flux linkage
	Wb

	
	Phasor of rotor flux linkage in abc frame 
	Wb

	𝜓r
	Rotor flux linkage in dq frame
	Wb

	[bookmark: OLE_LINK310][bookmark: OLE_LINK311][bookmark: OLE_LINK312]𝜓rd, 𝜓rq
	Rotor d- and q-axis flux linkages
	Wb

	β
	Coil short pitch ratio
	

	η
	Efficiency
	

	ηM, ηG
	Efficiencies in motor and generator modes
	

	θ
	Current angle
	deg

	, 
	Coefficients for stator and rotor slot leakage inductance coefficients calculation
	

	, 
	Stator and rotor slot leakage inductance coefficients
	

	, 
	Stator and rotor slot opening leakage inductance coefficients
	

	
	Vacuum permeability
	H/m

	ρB, ρR
	Rotor bar and ring resistivity
	Ω·m

	[bookmark: OLE_LINK270][bookmark: OLE_LINK271][bookmark: OLE_LINK272][bookmark: OLE_LINK275][bookmark: OLE_LINK276][bookmark: OLE_LINK277]ρCu
	Copper resistivity
	Ω·m

	σ
	1+Xσs/Xm
	

	τy
	Coil pitch in terms of circumferential distance
	m

	[bookmark: OLE_LINK79][bookmark: OLE_LINK80]ω
	Stator electrical angular speed
	rad/s

	ωp
	Scaled stator electrical angular speed
	rad/s

	ωrate
	Rated stator electrical angular speed
	rad/s

	ωs
	Slip electrical angular speed
	rad/s

	ωsp
	Scaled slip electrical angular speed
	rad/s

	φg
	Flux per pole
	Wb
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[bookmark: _Toc409958826]General Introduction
[bookmark: _Toc402181673][bookmark: _Toc409958827]Introduction
Vehicles with internal combustion engines (ICE) have existed for over 100 years. With global economic and population growth nowadays, the demand for personal vehicles has increased. Consequently, more and more fossil fuel is needed to satisfy the increasing number of vehicles. Another problem related with the increasing number of vehicles is CO2 emission, which contributes to the green-house effect. Based on the two concerns above, new types of vehicles consuming less oil and exhausting less CO2 have been developed, e.g.
· Hybrid electric vehicle (HEV)
· Battery-powered electric vehicle (EV)
· Fuel cell electric vehicle (FCV)
The electric traction system, which includes an electricity source, a controller and a couple of electrical machines, is the key to solve the two problems above. Pure EVs completely utilize the electricity discharged from the battery as power to drive the vehicle. Thus, they are oil-free. If the power of battery comes from clean energy, the pure EVs emit no CO2. The disadvantages of EVs are high cost of battery, short driving range, long charging time and reduced passenger and cargo space [CHA07]. FCVs also utilize electricity power. However, the power comes from fuel cells consuming hydrogen. They are also oil-free and the by-product is water. Popularity of FCVs is limited by high cost of fuel cells, storage of hydrogen, production and transportation of hydrogen, and life cycle of the fuel cells [CHA07]. HEVs utilize electrical machines to adjust the torque and speed of ICE to make it always operate in a fuel-efficiency status, and consequently, reduce the CO2 emission. When the vehicle-required energy is larger than the output energy of ICE, the electrical machine will assist ICE to drive the vehicle. When the vehicle-required energy is smaller than the output energy of ICE, the electrical machine will store the excess energy into the battery, or drive the vehicle by itself with ICE shutting down. The electrical machine can also recover the kinetic energy during the braking or coasting of the vehicle and store it into the battery. EV/HEVs have become more and more popular due to their technological maturity and acceptable price, and also due to the increasing attention to energy conservation and global warming.
The electrical machines are key components in the traction systems used for EV/HEV applications. The following requirements of traction electrical machines should be satisfied [ZHU07]: 
1) High torque at low speed region for starting and hill climbing, and high power in high speed region for cruising;
2) High torque and power density due to the compact space;
3) Wide constant power region, usually 3-4 times the base speed;
4) High efficiency over wide speed and torque region;
5) High reliability and robustness;
6) Acceptable cost;
7) Low torque ripple;
8) Low acoustic noise to supply a comfortable driving environment.
Induction machine (IM) and permanent magnet (PM) electrical machine are two types of electrical machines used most widely in the EV/HEV market, as listed in Table 1.1 [REF13] [ZU09] [HAS08] [ONL09] [ONL11ab] [ONL11b] [ONL11c] [ONL14a] [ONL14b] [ONL14c]. The topologies of IM and PM machine are shown in Fig. 1.1.
Usually, a PM machine has better performance than an IM in terms of torque, power density, power factor, and constant power region. However, the price of PM machine is higher than IM due to the high cost of NdFeB PM, which fluctuated violently in recent years and peaked in 2011 [XUE11]. It strongly affects the popularity of PM machines in EV/HEV market. PM-assisted synchronous reluctance machines (PMA-SynRM) have developed rapidly recently, which mainly utilizes the rotor saliency instead of PM flux linkage for torque production. Usually, the PM quantity in a PMA-SynRM is smaller than that in a PM machine. The topologies of SynRM and PMA-SynRM are also shown in Fig. 1.1. In fact, PMA-SynRM and interior PM machine share the same principle. The PMA-SynRM in this thesis refers to this kind of interior PM machines, with reluctance torque more predominant and PM torque added, which is usually realized by utilizing multi-layer barriers.
In this thesis, two types of electrical machines with no or less PM quantity are investigated and analyzed for EV/HEV application:
· IM;
· PMA-SynRM.

[bookmark: _Ref399599208]Table 1.1 Summary of EV/HEVs using IM and PM machines
	
	Company
	Vehicle

	IM
	GM (USA)
	Chevrolet Silverado

	
	Ford (USA)
	Ford Think City

	
	Teslar (USA)
	ROADSTER

	
	Renault (France)
	Kangoo VAN Z.E.

	
	Daimler(Germany)
	Mercedes-Benz ML450

	
	BMW (Germany)
	BMW X6

	PM machine
	GM (USA)
	Chevrolet Spark EV
Chevrolet Volt

	
	Nissan (Japan)
	Nissan Leaf

	
	Toyota （Japan）
	Toyota Camry
Toyota Prius
Lexus

	
	Honda (Japan)
	Honda Insight
Honda Civic
Honda Accord

	
	Peugeot (France)
	Peugeot 3008 Hybrid4
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	PMA-SynRM
	

	

	

	PM machine
	

	

	

	
	
	



[bookmark: _Ref405278991]Fig. 1.1 Topologies of IM, SynRM, PMA-SynRM and PM synchronous machine. 
[bookmark: _Ref404007904][bookmark: _Ref404007909][bookmark: _Toc402181674][bookmark: _Toc409958828]Basic Theory of IM and SynRM
The basic equations of IM and SynRM based on dq-axis reference frame are listed in Appendix A. The d-axis is aligned with the rotor field. It can be seen that the formats of basic equations of IM are the same as those of SynRM, if Lt and Ls are substituted by Lq and Ld [BIA98]. Thus, IM and SynRM share the same phenomena, in terms of how the resistance and inductance affect the voltage, flux-linkage, electromagnetic torque/power, etc. The basic theory and descriptions of behaviors of performance parameters of SynRM are presented in [STA93] [MAT94] [SOO94] [MOG10].
A. Torque per Ampere 
The electromagnetic torque in dq-axis frame is (3.4), which shows that (Ld-Lq) is the key parameter determining the torque capability per Ampere. The maximum torque per Ampere increases with the stator current amplitude, as shown in Fig. 1.2. Without iron saturation, the optimal current angle for maximum torque per Ampere is 45º, and this angle increases with stator current amplitude due to increased iron saturation level. 
		 
 (1.1)


[bookmark: _Ref402871977][bookmark: OLE_LINK76][bookmark: OLE_LINK77][bookmark: OLE_LINK81][bookmark: OLE_LINK82][bookmark: OLE_LINK83]Fig. 1.2 Variations of torque with stator current angle for different current amplitudes, these curves are for illustration, not calculated.

B. Torque per Wb
The electromagnetic torque with constant flux is (1.2). The maximum possible output torque is (1.3). The maximum torque per Wb increases with the stator flux linkage amplitude, as shown in Fig. 1.3. The optimal current angle for maximum torque per Wb decreases with the stator flux linkage amplitude. It is because as the iron is more saturated, ε usually decreases, further the optimal current angle for maximum torque per Wb, equalling to tan-1(ε), decreases.
		 
[bookmark: _Ref402867303] (1.2)
[bookmark: OLE_LINK68][bookmark: OLE_LINK69][bookmark: OLE_LINK70]	  with 	 
[bookmark: _Ref402867317] (1.3)
		 
 (1.4)
where θ is the current angle, i.e. the current angle between stator current vector and d-axis, Es is the rms of stator electromagnetic force (EMF), 𝜓a is the rms of stator flux linkage.



[bookmark: _Ref402873142]Fig. 1.3 Variations of torque with stator current angle for different stator flux linkage amplitudes, these curves are for illustration, not calculated.
C. Power Factor 
The power factor cosφ is (1.5), where the stator resistance is neglected. This simplification is valid only when the stator resistance is much smaller than ωLq. If , the power factor reaches the maximum value (1.6), which shows that the maximum power factor depends on ε, the larger the better. The behavior of power factor is shown in Fig. 1.4. As the stator current amplitude increases, ε decreases due to more saturated iron, and then cosφ decreases. The current angle for maximum power factor decreases with the stator current amplitude, due to decreased ε and (1.6). 
		 
[bookmark: _Ref402873856] (1.5)
Maximum power factor:
	  with  	 
[bookmark: _Ref402873883] (1.6)



[bookmark: _Ref403227437]Fig. 1.4 Variations of power factor with current angle for different stator current amplitudes, these curves are for illustration, not calculated.


D. Circle Diagram and Constant Power Region
The circle diagram is well-known to graphically show the current vector behaviors under different control strategies, as shown in Fig. 1.5. The current vector trajectory for maximum torque-speed control is shown as the solid line, and the corresponding maximum power-speed curve is shown in Fig. 1.6. The whole speed region can be divided into three modes:
· Mode I: ia=ilim, ua<ulim
· Mode II: ia=ilim, ua=ulim
· Mode III: ia<ilim, ua=ulim
where ia and ua are the stator phase current and voltage amplitude, ilim and ulim are the limits of stator phase current and voltage amplitudes. The dividing speeds between modes I and II, modes II and III are named as base speed and critical speed.
When IM or SynRM operates in mode I, i.e. constant torque region, the current vector is that of point B, and the current angle θ≥45º. When IM or SynRM operates in mode II, the current vector will move along the current limit circle from point B to P, until the constant torque curve is tangential to the voltage ellipse. When IM or SynRM operates in mode III, the current vector will move along the line PO. The ideal power with power factor unity and no loss is shown as the dash line in Fig. 1.6. The reason for the decline of ideal power in mode III is attributed to the decrease of stator current amplitude. 
The constant power region increases with ε, as shown in Fig. 1.7. The optimum flux-weakening performance can be achieved with an infinite ε.


[bookmark: _Ref402876670]Fig. 1.5 Circle diagram 


[bookmark: _Ref402876701]Fig. 1.6 Power-speed characteristic 


[bookmark: _Ref402876848]Fig. 1.7 Normalized power-speed characteristics with different Ld/Lq values, [SOO94]
[bookmark: _Toc409958829]Classification of Inverter-driven IM Topologies
IM has a history of almost 130 years, and the first IM was developed by Nikola Tesla in 1888. The earlier IMs were all developed for line-fed applications. Since the early 1990s, more attention has been given to the inverter-driven IM design, although the development of solid-state inverters and control algorithms has started much earlier [DAU91]. Because the specific design for high self-starting torque is no longer required for inverter-driven IM, the double-cage or deep slot rotor structure is not needed [ZHA00]. IM is favorable due to its low cost, simple and rugged construction, high reliability and mature manufacturing and control technology. Despite of the wide variety of electrical machines, IM still represents the largest market share by far [ALM14]. 
A. Squirrel-Cage Rotor and Wound Rotor
The squirrel-cage IM is used extensively in market due to its advantages of simple rotor construction and maintenance-free, because no slip ring is used. For wound rotor IM, the inverter can be connected to the rotor winding, while the stator winding is still connected to grid. The advantages of inverter-driven wound rotor IM are as follows:
1) Low inverter capacity. The inverter size is not related to the full power, but depends on the slip power. For wind turbine, an inverter size of around 25% of the generator total power is usually adopted [BOG13].
2) Adjustable power factor in the stator side. The magnetizing current can be supplied from the rotor side and adjustable, and consequently, the stator side can absorb or produce reactive power.
The disadvantages of inverter-driven wound rotor IM are:
1) Complicated rotor structure and maintenance problem, due to the existence of slip ring and brush.
2) Low temperature-withstanding capability for the rotor due to the existence of insulation in the rotor;
3) Limited speed range, because the slip ratio cannot be too large to limit the inverter capacity.
The wound rotor IM is quite favorable in wind turbine market, which does not require a wide speed range. Up to 70% of the installed wind turbines incorporated wound rotor IM [GOR14].
B. Integral-Slot Distributed Winding and Fractional-Slot Concentrated Winding
The integral-slot distributed winding is the most extensively adopted winding topology for IM, due to better electromagnetic performance over those with concentrated winding. However, the fractional-slot concentrated winding topology has some fantastic advantages, which are shown as follows:
1) Short end winding, both axially and circumferentially, because coil span is short and there is no or mild overlapping between coils;
2) High filling factor, about 60% [STA05], and it can be further improved to up to 85% by using compressed coils with segmented stator [REF10];
3) Stator modularity to simplify manufacturing;
4) Higher efficiency due to the higher filling factor and short end winding;
5) Increased slot thermal conductivity due to the higher filling factor.
In spite of the advantages above, the research on fractional-slot concentrated winding for IM is still not popular due to the following drawbacks [REF08]:
1) Lower torque capability per Wb due to the high harmonic leakage inductance;
2) Higher torque ripple;
3) Higher rotor bar loss;
4) Higher vibration and acoustic noise.
The rotating three-phase IM with fractional-slot concentrated winding was firstly studied by El-Refaie et al. [REF08]. The electromagnetic performance of fractional-slot concentrated winding IM is compared with that of traditional distributed winding IM in [REF08] [GUN14]. Alberti and Bianchi [ALB12] [ALB13] proposed some multi-layer winding topologies to reduce the torque ripple and rotor bar loss for fractional-slot IM.
[bookmark: _Toc409958830]Strategies for IM Flux-Weakening Performance Improvement
The flux-weakening of IM can be easily realized [VAS90]. However, good flux-weakening performance, in terms of constant power region, is difficult to be achieved. Since the IM is driven by an inverter, the maximum imposed voltage is limited by the DC link voltage. For IM with fixed stator voltage amplitude, the maximum torque is inversely proportional to the square of speed, as shown in (1.3) and Fig. 1.8. However, the required torque is usually inversely proportional to the speed. Thus, there is always a limited operation region to satisfy the required torque. 


[bookmark: _Ref399848322]Fig. 1.8 Torque-speed curves of IM with fixed voltage amplitude and different frequencies [ZHU07].
This flux-weakening performance can be improved by increasing the maximum torque per Wb. It can be realized by decreasing the leakage inductance, through the following strategies [HAR95], [ZHA00], [SON05], [JUR12]:
· Adopting flat slot shape to reduce the slot leakage inductance;
· Increasing stator and rotor slot opening to reduce the slot leakage inductance;
· Increasing airgap length to reduce the harmonic leakage inductance;
· Adopting un-skewed slot to eliminate the skew leakage;
· Adopting a larger number of rotor slots to reduce the rotor harmonic leakage inductance.
As can be seen from (1.3), the pole number is another degree of freedom to change the maximum possible output torque of IM, and the flux-weakening performance of IM can be improved by the pole changing strategy. It can be realized by changing the current direction of one set of coils mechanically or electronically, as shown in Fig. 1.9. Usually, IM with a lower number of poles has larger output torque in high speed region. Thus, the pole number can be changed from a larger value to a smaller value when IM operates in high speed region, as shown in Fig. 1.10. Miller et al. [MIL98a] built a 12-pole/4-pole IM, and the pole-changing is realized mechanically by winding connection switching devices, such as a magnetic contactor or solid-state switches. Usually, the mechanically pole-changing strategy increases the equipment space and results in deterioration of certain performance of electrical machines [OSA97]. The concept of electronic pole changing between two pole numbers was initially suggested by Eichhofer et al. [EIH76]. The pole-changing is realized by utilizing power electronics. In this way, the mechanical switching is no longer required and the intermittent torque at the pole changing point is eliminated, and thus, the smooth torque transmission is possible. Osama et al. [OSA97] and Jiang et al. [JIA02] [JIA03] proposed and analyzed a 4-pole/2-pole electronic pole-changing IM for EV/HEV applications. Mizuno et al. [MIZ96a] [MIZ96b] [MOR97] proposed a six phase 8-pole/4-pole electronic pole-changing IM. A 3-phase 12-pole/9-phase 4-pole IM for EV/HEV applications was built and analyzed by Miller et al. [MIL01] [WEL03], Sun et al. [SUN10] and Gautam and Ojo [GAU12]. In theory, all speed ratios in a two speed electrical machine can be achieved through pole-phase modulation, as long as the number of slots is correctly selected and the winding is properly arranged [MIL01]. However, more inverter legs have to be used sometimes.
Kim et al. [KIM04] presented a dual-inverter topology to increase the constant power region of IM. Different from traditional dual-inverter, there is merely a capacitor bank connected in the DC-link of secondary inverter, instead of a power source, in order to compensate the reactive power due to the stator and rotor leakage flux. Thus, there seems no leakage inductance in IM, which is seen from the first inverter. Finally, the constant power region can be achieved up to 10:1. Although there is no additional power source, it still involves complicated inverter topology and the requirement for the capacity of the first inverter is not reduced.


                              (a) 4-pole                                                         (b) 2-pole
[bookmark: _Ref399928344]Fig. 1.9 Principle of pole-changing



[bookmark: _Ref399938476]Fig. 1.10 Torque-speed characteristic of a six-phase pole-changing IM [MOR97].
[bookmark: _Toc402181679][bookmark: _Toc409958831]Classification of SynRM Topologies
A. Rotor Topologies
Synchronous reluctance machine (SynRM) operates by utilizing the anisotropy of rotor. From the view of anisotropy value, SynRM rotor topologies can be classified into the following three categories, as shown in Fig. 1.11:
· Salient-pole rotor
· Multiple-segment rotor
· Axially laminated rotor
The salient-pole rotor has the most simple and rigid structure suitable for high speed application. However, it is not favourable due to the lower anisotropy value, compared with the other two types of rotor structures. It is because although the inter-pole cut-out can decrease the q-axis inductance, it reduces the pole arc as well, producing an unwanted reduction in d-axis inductance [KOS23]. The axially laminated SynRM has the largest anisotropy value, which makes it theoretically appealing. However, the following drawbacks make it unfavourable [VAG00]: 1) It is not suitable for mass manufacturing, because the rotor lamination cannot be punched as a whole; 2) It is not practical for rotor skewing to reduce torque ripple; 3) It has high iron loss, particularly eddy current loss, due to the axial lamination (two or three times that of multiple-segment rotor) [SOO02]. The multiple-segment rotor SynRM was firstly proposed by J. K. Kostko in 1923 [KOS23]. Although its saliency ratio is not as high as that of axially laminated SynRM, the multiple-segment rotor SynRM is the most popular one due to its easy manufacturing and comparable anisotropy to axially laminated rotor [VAG00]. 
The SynRM mentioned in the following content in the thesis will only be referred to that with multiple-segment rotor.
	[image: ]

	(a) Salient-pole
	(b) Axially laminated
	(c) Multi-segment 


[bookmark: _Ref401057678]Fig. 1.11 Rotor structures of SynRMs [KOL10]
B. Winding Topologies
The winding topologies can be classified into two categories:
· Distributed winding 
· Concentrated winding 
Most of SynRMs in literature adopt distributed winding. SynRMs and PMA-SynRMs with fractional-slot concentrated winding are studied in [HON97] [JEI09] [SPA13] [SPA14] [CHE13] and [GAM14]. The main disadvantages of concentrated winding SynRMs are as follows:
1) Lower torque capability per Ampere. The reasons for SynRMs with a lower number of poles and a higher number of poles are different, and should be explained respectively. For SynRMs with a lower number of poles, the low torque capability is due to the limited number of applicable slot-pole combinations, which cannot supply a winding factor as high as that of distributed winding. For SynRMs with a higher number of poles. The low torque capability is caused by the increase of pole number, which will be explained in section 1.6.1, although the winding factor can be improved by appropriately choosing slot-pole combination.
2) Decreased torque capability per Wb and power factor due to the increase of stator harmonic leakage inductance, caused by large quantity of MMF space harmonics. The stator harmonic leakage inductance increases Ld and Lq simultaneously. As a result, the saliency ratio (Ld/Lq) decreases.
3) Increased torque ripple.
4) Increased iron loss.
[bookmark: _Toc409958832]Design of SynRM
The design of physical parameters of SynRM to improve Ld/Lq and (Ld-Lq) and to minimize torque ripple are two most concerned topics, which will be summarized in this section.
[bookmark: _Toc402181683][bookmark: _Ref402205685][bookmark: _Toc409958833]To Improve Ld/Lq and (Ld-Lq)
The influences of some critical physical parameters on (Ld-Lq) or Ld/Lq have been studied by Lawrenson and Gupta [LAW67], Fong and Htsui [FON70], Staton et al. [STA93], Matsuo and Lipo [MAT94] and Vagati et al. [VAG92] [VAG96]. The ideal rotor for SynRM is one which is infinitely permeable along d-axis flux path and completely impermeable along q-axis flux path. In practice, the q-axis permeance is not possible to be zero, and the d-axis permeance is not possible to be infinite due to the existence of airgap and iron saturation. Lq mainly depends on the total barrier thickness, and Ld mainly depends on the airgap length and iron saturation level. The design guidelines for some critical physical parameters are summarized as follows:
A. Number of Barriers
It is desirable to make the number of barriers as large as possible to obtain an ideal “distributed anisotropy structure”, which favors to reduce Lq, further to increase Ld/Lq, such as axially laminated SynRM [VAG92]. However, in real case the increase of (Ld-Lq) is not obvious, when the number of barriers ≥2 [HON98] [WAN13]. Usually, 2- or 3-layer SynRM is favorable in most literature. 
B. hbar/(hbar+hiron) 
hbar and hiron are the average thickness of barriers and irons respectively. When hbar/(hbar+hiron) increases, the total barrier thickness increases and the d-axis flux path is narrowed and more saturated. Consequently, Lq and Ld are both decreased. There exist optimal hbar/(hbar+hiron) for Ld/Lq and (Ld-Lq) respectively.
C. Pole Pair Number
If the rotor diameter and hbar/(hbar+hiron) are fixed, the total barrier thickness per pole decreases, as the pole pair number p increases, at least along the circumferential direction. Consequently, Lq increases and Ld changes little, since the airgap length and iron saturation level are not changed. Thus, Ld/Lq and (Ld-Lq) both decrease with p [VAG92] [VAG96]. However, the change of rotor geometry with p is complicated in real case. The optimal rotor diameter usually increases with p due to the decrease of flux per pole in the stator yoke, and it favors to increase the barrier thickness. Sometimes, the performance of SynRM with higher pole number may be better than that with a smaller pole number [PRI12], especially when the pole pair number is not large, such as 1, 2 and 3 pole pairs. 
D. Airgap Length
The airgap length decreases Ld a lot, while influences Lq a little, because the airgap length is quite small compared with total barrier width. Thus, Ld/Lq and (Ld-Lq) both decrease with the increase of airgap length.
E. Bridge and Rib
Bridges or ribs are usually utilized to make the SynRM rotor mechanically rugged. However, their existence decreases Lq, by allowing q-axis flux to flow through them [VAG92]. The bridge shape and dimensions also affect Ld value, because the existence of bridges is equivalent to the decrease of Carter Coefficient of airgap length. Consequently, it is not always that Ld/Lq and (Ld-Lq) decrease with bridge dimension. It has been shown that properly notched bridges favor to improve the torque density and flux-weakening performance [HON98].
F. Other Parameters
The influences of physical parameters of SynRM on Ld and Lq discussed above are mainly for the magnetizing components. In fact, Ld and Lq are (1.7) and (1.8).
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where Lmd and Lmq are the d- and q-axis purely magnetizing components, Lσs is the stator leakage inductance. Lσs tends to make Ld/Lq decrease, while does not affect (Ld-Lq). Lσs consists of stator slot, harmonic and end leakage inductances. The major physical parameters that influence the stator slot, harmonic and end leakage inductances are slot opening, winding configuration and end winding length. Thus, small slot opening, winding configuration producing a large quantity of MMF space harmonics and long end winding all tend to decrease Ld/Lq.
In real case, the rotor geometry of SynRM is complicated, due to the multi-layers of barriers and irons. There exist a lot of physical parameters that can influence the d- and q-axis flux path permeability, and consequently Ld/Lq and (Ld-Lq). Usually, some multi-parameter optimization methods have to be utilized, such as genetic algorithm (GA) [DUF00] [CUP12] [CUP13] [PEL13] [KWA03], particle swarm optimization (PSO) [ALO11] [ARK09], sequential unconstrained minimization technique (SUMT) [MUN08] [PAR95], response surface methodology (PSM) [PAR06], feed-forward artificial neural networks (NN) [MIL98b], finite-element shooting-Newton method [LI01] and coupled finite element (FE) & Preisach [LEE07] [LEE10] etc.
[bookmark: _Toc402181684][bookmark: _Toc409958834]To Minimize Torque Ripple
The torque ripple of SynRM is usually large and sometimes unacceptable for some applications [FRA95]. The torque ripple of SynRM is caused by the interaction between the spatial harmonics of MMF and rotor anisotropy [FRA95]. The torque ripple can also be attributed to the discontinuity reluctance change between the rotor and stator [SAN04]. The rotor geometry designed to minimize the torque ripple can be classified into two categories: 
· Symmetric rotor 
· Asymmetric rotor 
The strategy for symmetric rotor to minimize torque ripple is to cancel some orders of torque ripple harmonics by geometry configuration of rotor barriers [VAG98] [TSU01] [HUD06] [MOG12] [SAN04] [OBA14] [OOI13] [FER13]. Vagati et al. [VAG98] studied the influence of rotor barrier pitch on the torque ripple and recommended nr=ns±4, where nr and ns are the separation point number for rotor and stator respectively. The analysis in [VAG98] is based on the condition that the flux barrier tips are distributed uniformly along the airgap. In other words, all the rotor barrier tip pitches are the same. However, the torque ripple of SynRM is extremely sensitive to barrier tip positions [DEG14], and the tip positions should be designed carefully to effectively minimize the torque ripple.
The strategy of adopting asymmetric rotor for torque ripple reduction is to compensate some orders of torque ripple harmonics. Different from the term ‘cancel’, the torque ripple amplitude of a given order is not reduced for a fraction of rotor. However, their sum is zero for the whole rotor [BIA09]. The major asymmetric rotor structures to compensate torque ripples are as follows:
· Asymmetric in one pole section: the barrier configuration for each pole is asymmetric. However, the barrier configurations for all the poles are the same, such as the asymmetric rotor structure developed by Lange et al. [LAN14], as shown in Fig. 1.12;
· Asymmetric between poles: the barrier configuration for each pole is symmetric, while asymmetric between different poles, such as “Machaon” rotor developed by Bianchi et al. [BIA08] [BIA09] [ALO11], as shown in Fig. 1.13, and asymmetric flux barrier rotor developed by Sanada et al. [SAN04].
· Asymmetric in axial direction: the barrier configuration for each lamination is symmetric, while asymmetric in the axial direction, such as skewed rotor [FRA95] [BOM02] and “Romeo and Juliet” (R and J) rotor [BIA08] [BIA09], in which type  I and type II laminations, as shown in Fig. 1.14, are packed to form two stacks respectively. Then, one stack is skewed with respect to the other.
Due to the SynRM rotor geometric complication, multi-parameter optimization methods are sometimes utilized to reduce the torque ripple, together with maximization of Ld/Lq or (Ld-Lq), i.e. multi-objective and multi-parameter optimization [CUP12] [CUP13] [PEL13] [PAR06] [ALO11].


[bookmark: _Ref401608066]Fig. 1.12 Lamination of asymmetric rotor with flux barrier configuration asymmetric for each pole, θ1'≠ θ1, θ2'≠ θ2 [LAN14].


[bookmark: _Ref401606339]Fig. 1.13 Lamination of asymmetric rotor with flux barrier configuration asymmetric between poles, θ1'≠ θ1, θ2'≠ θ2 [BIA09].

	

(a) Type I


(b) Type II


[bookmark: _Ref401608574]Fig. 1.14 Laminations of asymmetric rotor with asymmetric stack, θ1'≠ θ1, θ2'≠ θ2, each lamination is symmetric and they are packed together to form an asymmetric stack [BIA09]
[bookmark: _Toc409958835]PMA- SynRM
The performance of SynRM can be improved by adding some quantity of PM into the barriers, either NdFeB or ferrite, which favours to saturate the bridges and ribs to further enhance the saliency ratio, and provide some PM torque as well. Consequently, the torque per Ampere, power factor and constant power region are all improved. This type of machine is named as PMA-SynRM. 
The influence of parameters on the flux-weakening performance of PMA-SynRM can be seen from IPM parameter plane proposed by Soong and Miller [SOO94], as shown in Fig. 1.15. There exists an optimal design line to realize the optimal flux-weakening performance, which consists of an infinite constant power region and unity normalized high speed output power. In fact, the optimal flux-weakening performance can be realized by satisfying (1.9) [SCH90]. For ferrite-assisted SynRM or NdFeB-assisted SynRM, which mainly utilizes saliency ratio instead of PM flux linkage for the purpose of cost-saving, the flux-weakening performance always increases with PM quantity.
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where 𝜓PM is the PM flux linkage.
The influences of PM quantity and position on the performance of PMA-SynRM have been investigated by Khan et al. [KHA10], Vartanian et al. [VAR13a] [VAR13b], Morimoto et al. [MOR97] [MOR01] [MUR01] [TOK09] and Obata et al. [OBA13] [OBA14]. Although the electromagnetic performances are improved, some design problems are also brought in. The first problem is PM minimization for cost-saving. There are mainly two kinds of PMs used in PMA-SynRM, i.e NdFeB and ferrite. PM minimization is a key design consideration for NdFeB-assisted SynRM due to the high cost of NdFeB, which has been studied by Carraro et al. [CAR13] and Guglielmi et al. [GUG13]. Although the magnetic energy product of ferrite PM is lower than that of NdFeB, ferrite-assisted SynRM is much popular nowadays due to the low cost of ferrite [VAG12] [HON97] [HON98] [ZHA98a] [ZHA98b] [GUG04] [GUG13] [OBA12] [YUN12] [OOI13] [OBA14] [CAI14], and the PM minimization is not a consideration. The second problem is the PM demagnetization, some strategies to prevent the irreversible demagnetization have been proposed by Tokuda et al. [TOK09] and Vagati et al. [VAG14]. Usually, ferrite is more vulnerable to demagnetization due to the lower magnetic energy product, especially at a lower temperature, because the knee point at B-H curve becomes lower as the temperature decreases, which is opposite to the situation of NdFeB PM. The third design problem for PMA-SynRM is the uncontrolled generator (UCG) voltage caused by PM [JAH99]. Thus, the PM optimization should also consider the tradeoff between constant power region and uncontrolled generator operation [PEL11]. In addition, the total loss for some operation points in flux-weakening region of PMA-SynRM may be increased, although the efficiency in constant torque region is improved. The PM optimization should be carried out to achieve the maximum efficiency over the specific driving cycle [BAR10] [BAR12] [CAR14] [LAZ14] [CHE12]. 


[bookmark: _Ref401235395]Fig. 1.15 Normalised power-speed characteristics, the dashed power-speed curves are the ideal ones, with unity power factor and no loss [SOO94].
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The research reported in this thesis is mainly concerned with the following two topics:
· IM
· PMA-SynRM
for EV/HEV application.
For IM, the maximum torque/power-speed characteristic is investigated. For PMA-SynRM, a new type of hybrid PM-assisted SynRM is proposed, which utilizes both ferrite and NdFeB PMs, in order to reduce the material cost without sacrificing the electromagnetic performance.


The contents of subsequent chapters are summarized as follows:
Chapter 2
This chapter illustrates the process of obtaining torque/power-speed characteristic of IM and the related algorithms in detail, together with the loss and efficiency map computation. The analytical analysis of torque/power-speed character of IM is based on a dq-axis reference frame, instead of single-phase equivalent circuit which is used extensively in literature. Finally, the analytically calculated torque/power-speed characteristics of a 12kW IM are compared with finite element analyses (FEA) and experiment results.
Chapter 3
This chapter focuses on the influence of motor design parameters on the torque/power-speed characteristic of IM, assuming ideal maximum torque control is realized. The torque/power-speed characteristic is calculated by analytical method, presented in Chapter 2. A per-unit IM model is used and the influence of mutual and leakage inductances is investigated. The inductance ratio between the leakage and mutual inductances is introduced, which is a key parameter determining the flux-weakening performance. Also the effects of other practical parameters are investigated, such as stator and rotor resistance and iron saturation. Following the fore-mentioned investigation, the influences of some physical parameters on the torque/power-speed characteristic of IM are investigated, such as the ratio of tooth width to slot pitch, stator inner diameter, airgap length, slot area, number of stator/rotor slots per pole per phase, number of pole pairs, etc.
Chapter 4
This chapter mainly focuses on investigating the difference of maximum torque-speed characteristics and power factor of IM between motor and generator modes. Firstly, the reason for the difference is explained. Then, the influence of some design parameters, such as stator resistance, rotor resistance, iron saturation and iron loss etc., on the difference is investigated using analytical method presented in Chapter 2.
Chapter 5
A hybrid PM-assisted SynRM is proposed in this chapter, which utilizes both ferrite and NdFeB PMs, in order to reduce the material cost without sacrificing the electromagnetic performance. FEA is adopted for the optimization in order to consider the iron saturation more accurately. Firstly, the design process is presented and a hybrid PM-assisted SynRM is designed. Then, SynRM, ferrite-assisted and NdFeB-assisted SynRMs are designed for comparison to highlight the features of hybrid PM-assisted SynRM. Finally, the electromagnetic performance of hybrid PM-assisted SynRM is investigated and discussed.
Chapter 6
This chapter quantitatively compares six different types of electrical machines, including IM, SynRM, ferrite-assisted, NdFeB-assisted and hybrid PM-assisted SynRMs and IPM, mainly in terms of electromagnetic performance and material cost. For IPM, Toyota Prius 2010 IPM is adopted directly for comparison, thus, there is no need of optimization. For a fair comparison, the other electrical machines are designed with the same stator outer diameter and stack length, and with the same current and voltage ratings as Prius 2010 IPM. Firstly, IM is optimized and compared with IPM. Then, SynRM, ferrite-assisted, NdFeB-assisted and hybrid PM-assisted SynRMs are optimized and compared with IPM. Finally, the comparison results between IM and hybrid PM-assisted SynRM are provided and discussed.
Chapter 7
This chapter contains the general conclusions of this thesis as well as the potential future work.
[bookmark: _Toc402181688][bookmark: _Toc409958838]Contributions of Research
The contributions of this thesis are summarized as follows:
· The analytical modeling and analysis of torque/power-speed characteristic of IM, based on a dq-axis reference frame. 
· Investigation of influence of design parameters on flux-weakening performance of IM, such as the inductance ratio between the leakage and mutual inductances, stator and rotor resistance, and iron saturation etc.
· Investigation of influence of physical parameters on torque/power-speed characteristic of IM, such as the ratio of tooth width to slot pitch, stator inner diameter, airgap length, slot area, number of stator/rotor slots per pole per phase, number of pole pairs, etc.
· Investigation of difference of maximum torque-speed characteristics and power factor of IM between motor and generator modes.
· Development of a novel hybrid PM-assisted SynRM.
· Comparative study of IM, SynRM, ferrite-assisted, NdFeB-assisted and hybrid PM-assisted SynRMs and IPM.



[bookmark: _Ref395086583][bookmark: _Toc409958839]Analytical Calculation of Torque-Speed Characteristic of Induction Machines for Electric Vehicle Application
[bookmark: _Toc409958840]Introduction
The calculation methods of electromagnetic performance of IMs are presented extensively in literature, which can be classified into three categories:
· Single-phase lumped equivalent circuit;
· Finite-element analysis (FEA);
· Magnetic equivalent circuit (MEC).
The analytical method based on the classic single-phase lumped equivalent was proposed earliest and used extensively nowadays, because of its fast calculation speed and acceptable accuracy [VEI95] [LIW60] [BOG11]. FEA was introduced into electrical engineering in 1960s and is used by electrical machine designers for its excellent accuracy [WIN65] [WIL86] [BIA99]. However, FEA usually takes quite a long time, particularly for variable frequency operation and efficiency map computation, coupled analysis and system optimization etc. MEC provides a compromise between analytical method and FEA, in terms of calculation speed and accuracy [SUD07] [AMR09] [AMR10]. 
The foregoing calculation methods have been utilized extensively in literature for line-fed applications, in which usually only a few operation points need to be analysed, such as rated operation, starting and pull out operation points, etc. However, for many variable-speed applications, such as EVs/HEVs, the torque/power-speed characteristic is an important design criterion. It means that the calculation should be carried out for many operation points covering the whole speed range. Thus, the total amount of calculation work is much larger than that for line-fed applications. In this case, the analytical method is a good choice, especially at the design stage, in terms of calculation speed. Usually, the analysis is still based on the single-phase lumped equivalent circuit [ZHA95] [HAR95] [SCH00] [WIL07] [DOR08] [MIL99]. MEC may also be a good choice for calculation of IMs for EV application, in terms of calculation speed and accuracy [MCC01]. For FEA, the transient FEA using transient analysis is not suitable for machine design, because it takes quite a long time. Alberti et al. [ALB09] [ALB11] proposed a FEA using magnetostatic analysis especially for variable-speed IM analysis, which was also used by Pellegrino [PEL12].
The aim of this chapter is to illustrate the process of obtaining torque/power-speed characteristic of IM and the related algorithms in detail, together with the efficiency map computation. In addition, the analytical analysis of torque/power-speed characteristic of IM is based on a dq-axis reference frame, instead of single-phase equivalent circuit. In this way, the relationship between d- and q-axis currents and IM’s parameters and performances can be obtained, which is appreciated by control engineers. The dq-axis reference frame has been utilized in literature for IM analysis, such as [ALB09], etc. Finally, the analytically calculated torque/power-speed characteristics of a 12kW IM are verified by experiments.
[bookmark: _Toc409958841]Calculation Strategy 
The mathematical model in a dq-axis reference frame, in which the d-axis is aligned with the rotor field, is presented in Appendix A. For an IM fed by an inverter, the following current and voltage limitations should be satisfied:
		 
[bookmark: _Ref347412363] (2.1)
where ilim and ulim are the maximum phase current and voltage amplitude limits. For a specific stator frequency, all the possible torque values can be obtained by scanning all id and iq combinations with the limitations of (2.1), with the condition that all the resistances and inductances are known. Then the maximum possible torque is chosen from them by comparison. This step can be repeated for different frequencies to obtain the maximum torque/power-speed characteristic. 
For a specific operation point (with specific torque and frequency) within the maximum torque/power-speed characteristic, there exist different possible combinations of id and iq. If all the losses for those combinations are known, the corresponding efficiencies can be obtained, (2.2). Then the maximum efficiency is chosen from them as the desired one for the specific point. This step can be repeated for all the operation points to obtain the efficiency map. Similar to the maximum torque/power-speed characteristic calculation, the calculation of efficiency map should also be conducted with the limitations of (2.1).
		 
[bookmark: _Ref404009227] (2.2)
[bookmark: OLE_LINK92][bookmark: OLE_LINK93][bookmark: OLE_LINK94]where  and  are the stator and rotor iron losses,  is the frictional loss,  and  are the stator and rotor copper losses.
[bookmark: _Toc409958842]Calculation of Resistance and Inductance
[bookmark: OLE_LINK121][bookmark: OLE_LINK122][bookmark: OLE_LINK95][bookmark: OLE_LINK96][bookmark: OLE_LINK97][bookmark: OLE_LINK115][bookmark: OLE_LINK116][bookmark: OLE_LINK117][bookmark: OLE_LINK98][bookmark: OLE_LINK99][bookmark: OLE_LINK118][bookmark: OLE_LINK119][bookmark: OLE_LINK120][bookmark: OLE_LINK100][bookmark: OLE_LINK101][bookmark: OLE_LINK102][bookmark: OLE_LINK103][bookmark: OLE_LINK104][bookmark: OLE_LINK105][bookmark: OLE_LINK106][bookmark: OLE_LINK107][bookmark: OLE_LINK108][bookmark: OLE_LINK109][bookmark: OLE_LINK110][bookmark: OLE_LINK111][bookmark: OLE_LINK123][bookmark: OLE_LINK124][bookmark: OLE_LINK112][bookmark: OLE_LINK113][bookmark: OLE_LINK114]The stator inductance Ls consists of mutual inductance Lm, stator slot leakage inductance Ls1, stator harmonic leakage inductance Ld1 and stator end leakage inductance Le1, as shown in (2.3). The rotor leakage inductance Lr consists of mutual inductance Lm, rotor slot leakage inductance Ls2, rotor harmonic leakage inductance Ld2, rotor end leakage inductance Le2 and slot skewing leakage inductance Lsk, as shown in (2.4).
		 
[bookmark: _Ref358709802] (2.3)
		 
[bookmark: _Ref358709808] (2.4)
The calculations of all the resistances and inductances are presented as follows:
[bookmark: _Toc409958843]Resistance 
1) Stator Resistance:
The stator resistance  is 
		 
 (2.5)
[bookmark: OLE_LINK125][bookmark: OLE_LINK126][bookmark: OLE_LINK127][bookmark: OLE_LINK128][bookmark: OLE_LINK129][bookmark: OLE_LINK130][bookmark: OLE_LINK131][bookmark: OLE_LINK132][bookmark: OLE_LINK133][bookmark: OLE_LINK134][bookmark: OLE_LINK135][bookmark: OLE_LINK136]where  is the copper resistivity,  is the average length of half turn, is number of series conductors per phase,  is the number of parallel branches,  is area per wire,  is the number of parallel wires in one conductor.
The average length of half turn is
		 
 (2.6)
where  and  are the lengths of coil straight part and end part respectively. 
	

	


	                (a)
	            (b)


[bookmark: _Ref358297841]Fig. 2.1.  Stator and rotor slot shape. (a) Stator slot. (b) Rotor slot.
[bookmark: OLE_LINK142][bookmark: OLE_LINK143][bookmark: OLE_LINK144][bookmark: OLE_LINK145][bookmark: OLE_LINK146][bookmark: OLE_LINK147][bookmark: OLE_LINK148][bookmark: OLE_LINK149]For the slot shape in Fig. 2.1 and single layer winding, the coil end length can be calculated by (2.7a), where  is the coil pitch in terms of circumferential length,  is the short pitch ratio, Ks_coil is the end winding shape empirical coefficient, related with the number of pole pairs, [CHE90], Y is the coil pitch in terms of slot number, Qp is the slot number per pole.
		 
[bookmark: _Ref358800512][bookmark: _Ref358297089] (2.7a)
		 
 (2.7b)
2) Rotor Resistance:
The rotor resistance, after transformed to stator side, is [CHE90] 
		 
 
		 
 (2.8)
where  and  are the rotor bar and end ring resistances transformed to stator side,  is the number of phases, Kdp1 is the stator winding factor, Q2 is the number of rotor slots,  and  are the rotor bar and end ring resistivity,  is the rotor bar length,  is the rotor end ring diameter,  and  are the areas of one rotor bar and end ring respectively,  is the skin-effect coefficient, which is assumed to be one in this chapter.
[bookmark: _Ref395183515][bookmark: _Toc409958844]Mutual Inductance 
In fact, the value of mutual inductance is a function of d- and q-axis currents, i.e. Lm(id, iq), because the value is affected significantly by the saturation in the iron. In order to calculate the torque/power-speed characteristics of IM correctly, the mutual inductances corresponding to different id and iq should be calculated at the beginning. The strategy of obtaining Lm(id, iq) is as follows: Firstly, the corresponding exciting current Im is calculated using the given id and iq; Then the corresponding mutual inductance can be obtained through an iteration process, as shown in Fig. 2.3, to consider the iron saturation. 
[bookmark: OLE_LINK180][bookmark: OLE_LINK181][bookmark: OLE_LINK182][bookmark: OLE_LINK183][bookmark: OLE_LINK184][bookmark: OLE_LINK185][bookmark: OLE_LINK186][bookmark: OLE_LINK187][bookmark: OLE_LINK188][bookmark: OLE_LINK189][bookmark: OLE_LINK190][bookmark: OLE_LINK191][bookmark: OLE_LINK198][bookmark: OLE_LINK199][bookmark: OLE_LINK200][bookmark: OLE_LINK207][bookmark: OLE_LINK208][bookmark: OLE_LINK209][bookmark: OLE_LINK210][bookmark: OLE_LINK211][bookmark: OLE_LINK212][bookmark: OLE_LINK222][bookmark: OLE_LINK223][bookmark: OLE_LINK224][bookmark: OLE_LINK219][bookmark: OLE_LINK220][bookmark: OLE_LINK221][bookmark: OLE_LINK225][bookmark: OLE_LINK226][bookmark: OLE_LINK227][bookmark: OLE_LINK234][bookmark: OLE_LINK235][bookmark: OLE_LINK236][bookmark: OLE_LINK216][bookmark: OLE_LINK217][bookmark: OLE_LINK218][bookmark: OLE_LINK228][bookmark: OLE_LINK229][bookmark: OLE_LINK230][bookmark: OLE_LINK247][bookmark: OLE_LINK248][bookmark: OLE_LINK252][bookmark: OLE_LINK253][bookmark: OLE_LINK254][bookmark: OLE_LINK249][bookmark: OLE_LINK250][bookmark: OLE_LINK251][bookmark: OLE_LINK255][bookmark: OLE_LINK256][bookmark: OLE_LINK257][bookmark: OLE_LINK258][bookmark: OLE_LINK259][bookmark: OLE_LINK260][bookmark: OLE_LINK261][bookmark: OLE_LINK262][bookmark: OLE_LINK278][bookmark: OLE_LINK279][bookmark: OLE_LINK280][bookmark: OLE_LINK281][bookmark: OLE_LINK282][bookmark: OLE_LINK283][bookmark: OLE_LINK284][bookmark: OLE_LINK285][bookmark: OLE_LINK286][bookmark: OLE_LINK287][bookmark: OLE_LINK288][bookmark: OLE_LINK289][bookmark: OLE_LINK292][bookmark: OLE_LINK293][bookmark: OLE_LINK294][bookmark: OLE_LINK295][bookmark: OLE_LINK296][bookmark: OLE_LINK297][bookmark: OLE_LINK298][bookmark: OLE_LINK299][bookmark: OLE_LINK300][bookmark: OLE_LINK301][bookmark: OLE_LINK302][bookmark: OLE_LINK303][bookmark: OLE_LINK304]The meanings of parameters shown in Fig. 2.3 are as follows: Im is the exciting current; Fm is the exciting magnetic motive force (MMF); Fg, Ft1, Ft2, Fc1 and Fc2 are the MMF in airgap, stator tooth, rotor tooth, stator yoke and rotor yoke respectively; Kt2 is the saturation coefficient; Bg, Bt1, Bt2, Bc1 and Bc2 are the maximum flux densities in airgap, stator tooth, rotor tooth, stator yoke and rotor yoke respectively; Hg, Ht1, Ht2, Hc1 and Hc2 are the magnetic densities corresponding to Bg, Bt1, Bt2, Bc1 and Bc2; , ,  and  are the magnetic path lengths in stator tooth, rotor tooth, stator yoke and rotor yoke; C1 and C2 are the empirical coefficients to correct the yoke flux path length, considering the non-uniformity of flux density distribution in yokes [CHE90];  is the vacuum permeability; g is the airgap length;  is the average Carter coefficient [CAR26]; φ0 is the flux per pole; Ks is the ratio between airgap maximum and average flux densities, related with the saturation level in stator and rotor teeth, which can be found in [CHE90]; Ag, At1, At2, Ac1 and Ac2 are the areas of airgap, stator tooth, rotor tooth, stator yoke and rotor yoke per pole respectively.
[bookmark: OLE_LINK137][bookmark: OLE_LINK138][bookmark: OLE_LINK139]How to express Im in terms of id and iq is described as follows.
After constant amplitude dq frame transformation, the rotor phase flux linkage amplitude () in abc frame equals rotor flux linkage () in dq frame, i.e. 
[bookmark: OLE_LINK140][bookmark: OLE_LINK141][bookmark: OLE_LINK150]		 
[bookmark: _Ref358372689][bookmark: _Ref358371553] (2.9)
According to IM single-phase equivalent circuit, Fig. 2.2, the  can be expressed with Im (2.10). The rotor flux linkage  can also be expressed using id, iq, through (A.7) and (A.6). Finally, according to (A.7), (A.6), (2.9) and (2.10), the relationship between id, iq and Im is obtained as (2.11).
[bookmark: OLE_LINK151][bookmark: OLE_LINK152]		 
 
[bookmark: OLE_LINK153][bookmark: OLE_LINK154][bookmark: OLE_LINK155]		 
[bookmark: _Ref358372701] (2.10)
[bookmark: OLE_LINK160][bookmark: OLE_LINK161][bookmark: OLE_LINK162]		 
[bookmark: _Ref358373070] (2.11)
[bookmark: OLE_LINK313][bookmark: OLE_LINK314][bookmark: OLE_LINK315]where is the total rotor leakage inductance.


[bookmark: _Ref358376879]Fig. 2.2.  IM single-phase equivalent circuit
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[bookmark: _Ref358317443]Fig. 2.3.  Flow chart of mutual inductance calculation. 
[bookmark: _Toc409958845]Slot Leakage Inductance 
The slot leakage inductance corresponds to the flux linkage crossing the stator or rotor slot, not through the airgap.
1) Stator slot leakage inductance
The stator slot leakage inductance, , is
[bookmark: OLE_LINK163][bookmark: OLE_LINK164][bookmark: OLE_LINK165]		 
[bookmark: _Ref358389248] (2.12a)
		 
 (2.12b)
	 when 	 
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 (2.12c)
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 (2.12f)
		 
 
		 
 (2.12g)

[bookmark: OLE_LINK330][bookmark: OLE_LINK331][bookmark: OLE_LINK332]where  is the number of stator slots,  is the stator slot leakage inductance coefficient, consisting of slot opening part () and coil part (), as shown in (2.12b),  and  are coefficients related with short pitch ratio , (2.12c), [CHE90]. For slot shape in Fig. 2.1(a),  and  can be calculated from (2.12d)-(2.12g), [TAN97].


2) Rotor slot leakage inductance
The rotor slot leakage inductance, , is 
[bookmark: OLE_LINK166][bookmark: OLE_LINK167][bookmark: OLE_LINK168]		 
[bookmark: _Ref358626761] (2.13a)
		 
 (2.12b)
		 
 (2.13c)
		 
 (2.13d)
		 
 
		 
 (2.13e)
[bookmark: OLE_LINK333][bookmark: OLE_LINK334][bookmark: OLE_LINK335]where  is the rotor slot leakage inductance coefficient, consisting of slot opening component  and coil component , (2.13c), the corresponding calculation methods for slot shape in Fig. 2.1(b) are shown in (2.13c) and (2.13d) respectively [CHE90] [TAN97].
[bookmark: _Toc409958846]Harmonic Leakage Inductance 
The harmonic leakage inductance corresponds to the flux linkage produced by stator harmonic MMFs, which mainly include phase belt harmonics and tooth harmonics. Although these fluxes produced by MMF harmonics cross the air gap, they do not produce helpful torque, and only decrease the fundamental electromotive force (EMF). Thus the influence of MMF harmonics on the performance of IM can be considered in the form of leakage inductance [CHE90]. It is possible that some orders of harmonics produce positive torque, such as sub-harmonics in fractional slot IM, etc., which are out of the consideration in this these.
1) Stator harmonic leakage inductance
The stator harmonic leakage inductance, Ld1, is
[bookmark: OLE_LINK169][bookmark: OLE_LINK170][bookmark: OLE_LINK171]		 
[bookmark: _Ref358633454][bookmark: _Ref404258668] (2.14a)
[bookmark: OLE_LINK238][bookmark: OLE_LINK239][bookmark: OLE_LINK240]		 
 (2.14b)
whereis the pole pitch length in the airgap, Kt1 is the saturation coefficient, which has been calculated in Fig. 2.3,  is the coefficient reflecting the overall magnitude of stator MMF harmonics, Kdpv is the winding factor of vth stator MMF harmonic.  has a relationship with the number of slots per pole per phase and short pitch ratio . 
2) Rotor harmonic leakage inductance
The rotor harmonic leakage inductance, Ld2, is
[bookmark: OLE_LINK172][bookmark: OLE_LINK173][bookmark: OLE_LINK174]		 
[bookmark: _Ref358633923][bookmark: _Ref404258674] (2.15a)
[bookmark: OLE_LINK241][bookmark: OLE_LINK242][bookmark: OLE_LINK243]		 
 (2.15b)
where  is the coefficient reflecting the magnitude of rotor MMF harmonics, k2 is the order of rotor MMF harmonic. 
[bookmark: _Toc409958847]End Leakage Inductance 
It is difficult to calculate the winding end leakage inductance, because the geometry of end winding is complex and the flux is easily influenced by nearby metal. Thus, the calculation of end winding leakage inductance always involves some empirical coefficients which are obtained by experiment. 
1) Stator end leakage inductance
The stator end winding leakage inductances for single-layer concentric, single-layer cross, single-layer chain windings are (2.16a) respectively [CHE90]. 
[bookmark: OLE_LINK175][bookmark: OLE_LINK176][bookmark: OLE_LINK177]		 
[bookmark: _Ref358820735][bookmark: _Ref358645282] (2.16a)
		 
 (2.16b)
		 
[bookmark: _Ref358646317] (2.16c)
where Lend has already been calculated in equation (2.7).
2) Rotor end leakage inductance
The calculation of rotor end leakage inductance is (2.17), proposed by Alger [ALG28].
[bookmark: OLE_LINK178][bookmark: OLE_LINK179][bookmark: OLE_LINK192]		 
[bookmark: _Ref358649371] (2.17)
where LB is the length of rotor bar, DR is the diameter of rotor end ring. 
[bookmark: _Toc409958848]Slot Skewing Leakage Inductance 
Usually, either the stator coils or rotor bars are skewed to decrease the vibration and acoustic noise. When either the stator slots/coils or rotor bars are skewed, the induced EMF in rotor squirrel by the same stator MMF will decrease. Similarly, the induced EMF in the stator winding by the same rotor MMF will also decrease. That means that there exist leakage flux linkages in both the stator and rotor sides and the mutual inductance between the stator and rotor sides is also undermined. This phenomenon can be expressed by adding a rotor slot skewing leakage inductance, Lsk, in the rotor side, and the mutual inductance, Lm, is kept unchanged [CHE90].
[bookmark: OLE_LINK193][bookmark: OLE_LINK194][bookmark: OLE_LINK195]		 
 (2.18)
where bsk is the length that the rotor bar has been skewed, bt2 is the rotor tooth pitch, 0.5 is an empirical coefficient considering the non-uniformity of leakage magnetic field distribution along the axial direction. 
[bookmark: _Toc409958849]Calculation of Losses
Copper losses and iron losses are calculated analytically in this section.
[bookmark: _Toc409958850]Copper Loss 
The stator and rotor copper losses,  and , are 
		 
[bookmark: _Ref374973356] (2.19)
		 
 (2.20)
where  is the rotor current [ALB11].
[bookmark: _Toc409958851]Iron Loss 
The stator and rotor iron losses,  and , are
[bookmark: OLE_LINK196][bookmark: OLE_LINK197][bookmark: OLE_LINK201]		 
[bookmark: _Ref394953989] (2.21a)
[bookmark: OLE_LINK202][bookmark: OLE_LINK203][bookmark: OLE_LINK204]		 
 (2.21b)
[bookmark: OLE_LINK205][bookmark: OLE_LINK206][bookmark: OLE_LINK213]		 
 (2.21b)
		 
[bookmark: _Ref394954014] (2.22a)
[bookmark: OLE_LINK214][bookmark: OLE_LINK215][bookmark: OLE_LINK231]		 
 (2.22b)
[bookmark: OLE_LINK232][bookmark: OLE_LINK233][bookmark: OLE_LINK237]		 
 (2.22b)
[bookmark: OLE_LINK266][bookmark: OLE_LINK267][bookmark: OLE_LINK268][bookmark: OLE_LINK244][bookmark: OLE_LINK245][bookmark: OLE_LINK246][bookmark: OLE_LINK263][bookmark: OLE_LINK264][bookmark: OLE_LINK265]where  and  are stator tooth and yoke iron losses;  and  are tooth and yoke iron loss correction coefficients, which consider the non-uniformity distribution of flux density in tooth or yoke, non-sinusoidal variation of flux density with time, etc. [CHE90];  and  are iron loss coefficients in stator tooth and yoke, in terms of watt per kilogram, which can be obtained by looking up iron loss table using flux densities Bt and Bc in Fig. 2.3 and corresponding frequencies;  and  are stator total tooth and yoke weights;  and  are rotor tooth and yoke iron losses;  and  are iron loss coefficients in rotor tooth and yoke, in terms of watt per kilogram;  and  are rotor total tooth and yoke weights.
[bookmark: _Ref405393288][bookmark: _Toc409958852]Experiment Verification
In this section, the analytically calculated no-load characteristic and torque/power-speed characteristic of a 12kW IM are compared with measured results for verification. The specifications of the tested IM are shown in Appendix G. The stator and rotor winding temperatures are both set to be 120ºC during the calculation. During the process of testing, the stator and rotor winding temperatures are not beyond 120ºC. The test rig is shown in Fig. 2.4.
For no-load test, the speed is fixed to 1000rpm. Different stator current amplitudes are imposed and the current angle is fixed to zero, i.e. only id is imposed. The calculated and measured no-load characteristics are shown in Fig. 2.5.
For torque-speed test, the procedure of measuring the maximum possible output torque for a specific speed with the limitation of ua≤ulim and ia≤ilim is as follows. Different combinations of stator current amplitude and current angle are imposed on the stator of IM, with the condition that ia≤ilim. The voltage can be limited automatically by the DC link in the inverter. Consequently different torque values can be obtained, from which the maximum value is chosen to be the maximum possible output torque. The foregoing procedure can be repeated for different speeds to obtain the maximum torque-speed characteristic of IM. The comparison between calculated and measured torque-speed characteristics of IM with different ulim and ilim are shown in Fig. 2.6. It should be mentioned that ulim is different in motor and generator modes. It is due to the large cable resistance between the inverter and tested IM, which influences the phase voltage value imposed on the winding, although DC link voltage is fixed to 48V. The influence of cable is obvious for a low-voltage large-current IM.
The current waveforms corresponding to the maximum output torque (300Arm, 3000rpm) are shown in Fig. 2.7. The power factor and efficiency along those torque-speed characteristics are shown in Fig. 2.8-Fig. 2.11. The analytically predicted torque-speed characteristic, power factor and efficiency agree well with the measured results.
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[bookmark: _Ref403564692]Fig. 2.4. Test rig.
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[bookmark: _Ref403565970]Fig. 2.5. Variations of phase voltage amplitude with phase current amplitude, iq=0, speed=1000rpm.
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[bookmark: _Ref403573662][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK23]Fig. 2.6. Torque-speed characteristics of IM in motor and generator modes with different ilim. (a) Motor, ulim≈21V. (b) Generator, ulim≈27V.
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[bookmark: _Ref405292066]Fig. 2.7. Current waveforms corresponding to maximum torque of IM in motor and generator modes, 300Arms, 3000rpm. (a) Motor. (b) Generator.



	[image: ]
	[image: ]

	(a)
	(b)

	[image: ]
	[image: ]

	(c)
	(d)

	[image: ]

	(e)


[bookmark: _Ref403576602]Fig. 2.8. Power factors along torque-speed characteristics of IM in motor mode for different ilim, ulim=21V. (a) 141A. (b) 282A. (c) 424A. (d) 565A. (e) 707A.
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Fig. 2.9. Power factors along torque-speed characteristics of IM in generator mode for different ilim, ulim=27V. (a) 141A. (b) 282A. (c) 424A. (d) 565A. (e) 707A.
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Fig. 2.10. Efficiencies along torque-speed characteristics of IM in motor mode for different ilim, ulim=21V. (a) 141A. (b) 282A. (c) 424A. (d) 565A. (e) 707A.
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[bookmark: _Ref403576605]Fig. 2.11. Efficiencies along torque-speed characteristics of IM in generator mode for different ilim, ulim=27V. (a) 141A. (b) 282A. (c) 424A. (d) 565A. (e) 707A.



[bookmark: _Toc409958853]Conclusion
In this chapter, a detailed process and related algorithms of calculating maximum torque/power-speed characteristic and efficiency map of IM, using analytical method, are presented. The analytical analysis of torque/power-speed character of IM is based on a dq-axis reference frame, which can provide the relationship between d- and q-axis currents and IM’s parameters and performances. The validity of this analytical method is verified by experiments.


[bookmark: _Ref396938380][bookmark: _Toc409958854]Influence of Machine Design Parameters on Torque-speed Characteristic of Induction Machine for Electric Vehicle Application
[bookmark: _Toc409958855]Introduction
The traditional analysis of influence of design parameters on flux-weakening performance of IM is usually based on the pull-out torque (3.1), without considering stator and rotor resistances [CHE90]. It originates from the analysis method for line-fed IM. It can be seen that there exist multiple parameters affecting the pull-out torque, such as the number of pole pairs p, stator phase voltage Us and total leakage inductance Lσ, etc. 
	 	 
[bookmark: _Ref404463985] (3.1)
This chapter aims to analyse the flux-weakening performance based on constant power region. By utilizing per-unit model, the number of decisive parameters can be reduced to one. The methodology developed and presented here is directly applicable to EV/HEVs. The torque/power-speed characteristic is calculated by a per-unit mathematical model based on a dq-axis reference frame. Firstly, the influence of mutual and leakage inductances is investigated, and the inductance ratio between the leakage to mutual inductances is introduced, which is a key parameter determining the flux-weakening performance. Also the effects of other practical parameters are investigated, such as stator and rotor resistance and iron saturation. After that, the influence of some physical parameters are investigated, such as the ratio of tooth width to slot pitch, stator inner diameter, airgap length, the ratio of total slot area to lamination area, the number of stator/rotor slots per pole per phase and the pole pair number, etc. The optimal parameter design values for maximum torque in low speed region and constant power region are usually different. The relationship between them is established, and the reasonable design values to achieve an optimal torque/power-speed characteristic should be between them. Based on a specific IM, reasonable physical parameter design ranges are given.
[bookmark: _Ref357784300][bookmark: _Ref395183030][bookmark: _Toc409958856]Influence of Mutual and Leakage Inductances on Flux-weakening Performance
To simplify the analysis of influence of mutual and leakage inductances on flux-weakening performance, some assumptions are firstly adopted:
· There is no saturation in the iron. 
· The stator and rotor resistances are neglected.
· Stator leakage inductance is equal to rotor leakage inductance in order to reduce the number of analysis variables.
It should be mentioned that IMs do not work if the rotor resistance is zero, because the flux through rotor is always zero, i.e. the rotor will not be magnetized, according to Kirchhoff’s law (d𝜓/dt=0). In this section, the rotor resistance is set to be quite small (1×10-6Ω) to make IM still works, but the influence of rotor resistance can be neglected. The influence of iron saturation as well as stator and rotor resistances will be investigated later in section 3.3.
[bookmark: _Toc409958857]Basic Equations of IM in Per-unit Model
In this chapter, the torque-speed characteristic is calculated by analytical method based on a dq-axis reference frame, in which the d-axis is aligned with the rotor field, [VAS90], [ALB11]. The basic equations of IM under dq-axis reference frame are listed in Appendix A. In addition, a per-unit model is used in order to remove some variables in the equations of IM, such as the phase voltage and current [SCH90], [SOO94], [HAR70], [MIL89], [ADN91]. The definition of base values and basic scaled equations are shown in Appendix C. 
With the assumptions at the beginning of this section, the scaled equations of IM in dq-axis reference frame can be simplified as (3.2)-(3.4). 
		 
[bookmark: _Ref357772709] (3.2)
		 
 (3.3)
	;         	 
[bookmark: _Ref357782440] (3.4)
Because the rated angular speed will be scaled to unity (D.3), (3.5) will be established, since  at rated speed for maximum output torque when saturation is neglected [ALB11]. In this way, when one of the mutual and leakage inductances is investigated, the other one will be fixed. Thus, the torque-speed characteristic after scaled depends only on one parameter. In this chapter, the ratio between the total leakage inductance and mutual inductance is selected as the key parameter which determines the flux weakening performance of IM.
		 
[bookmark: _Ref357782420] (3.5)
For IM fed by an inverter, the following current and voltage limitations should be satisfied:
		 
[bookmark: _Ref357782471] (3.6)
The torque-speed characteristic can be obtained by scanning all idp and iqp combinations, with the limitations of (3.6), to find out the maximum possible electromagnetic torque at each operating speed.
[bookmark: _Ref404285641][bookmark: _Toc409958858]Influence of Mutual and Leakage Inductance
The variations of the scaled torque- and power-speed characteristics with Lσ/Lm are shown in Fig. 3.1(a) and (b). Lσ is the total leakage inductance of stator and rotor. The dashed line is the ideal output torque or power of machine, assuming it has a unity power factor and 100% efficiency. It shows that the flux-weakening performance increases with the decrease of Lσ/Lm ratio. The influences of Lσ/Lm ratio on constant power region, power factor, inverter utilization and infinite speed will be further investigated in this section. A classic power-speed characteristic of IM has been shown in Fig. 1.7. The operation region, with output power larger than that at rated speed, is defined as constant power region, which is usually represented by the ratio of critical speed to rated speed.
The variation of scaled maximum constant power speed with the ratio of Lσ /Lm is plotted in Fig. 3.1(c). The scaled maximum constant power speed is the constant power region, since the rated speed has been scaled to unity. If the ratio is zero, IM can obtain infinite constant power region. While in real situation, the leakage inductance always exists and cannot be zero. Thus, in designing an IM demanding a wide constant power region, the topology with smaller ratio between leakage and mutual inductances and the design methods for minimizing this ratio should be chosen.
The power factor variation along the torque-speed characteristic for different Lσ/Lm is shown in Fig. 3.1(d). IM has the same power factor over the whole speed region excluding the constant power region. The power factor increases as Lσ/Lm decreases and it is comparatively higher in the constant power region. With zero Lσ/Lm ratio, the power factor can reach approximately 0.7 in the constant torque region and 1.0 in the flux-weakening region.
The inverter utilization is defined as the ratio of actual output power to ideal output power [SOO94]. In constant power region, the input voltage and current of inverter have reached the maximum values. Thus, the inverter utilization equals the power factor when the copper loss and iron loss are not considered. Thus, it can be concluded that the maximum possible inverter utilization is approximately 0.7 at rated speed and 1.0 in the constant power region. This conclusion is different from what is obtained in PM machine, in which the maximum inverter utilization at base speed can reach 1.0. However, if PM machine is designed with the ‘optimal’ flux-weakening performance, the utilization is also 0.7 at base speed and 1.0 in flux-weakening region [SOO94]. It means that, if the maximum output power of an inverter is 20kW, the maximum output power of the IM at rated speed can only reach at most 14kW, with nearly zero leakage inductance. 
IMs can always have infinite speed, which is also different from the case of PM machine. Only when the PM flux linkage is not larger than the product of d-axis inductance and maximum phase current peak, can PM machines reach infinite speed [SOO94].
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[bookmark: _Ref355703366]Fig. 3.1 Influence of ratios of leakage to mutual inductances on IM’s flux-weakening performance. (a) Scaled torque-speed characteristic. (b) Scaled power-speed characteristic. (c) Scaled constant power speed. (d) Power factor along the torque-speed characteristic.
[bookmark: _Toc409958859]Discussions
The advantages and application of parameter Lσ/Lm of IM are discussed in this section. It is a parameter determining the flux-weakening performance, which is an important design criterion of IM for EV application. In normal case, Lσ and Lm are modelled together to get the flux-weakening performance of IM with given ulim and ilim. By using Lσ/Lm instead of Lσ and Lm, the number of design parameters is decreased and there is no need to know ulim and ilim. It can provide a simple design guideline for electrical machine designer working on IM for EV application. 
In fact, the Blondel coefficient σ, (3.7), can also be investigated instead of Lσ/Lm, which can simplify the basic equations of IM in the dq-axis reference frame and provide an alternative to simplify the calculation process. However, the physical significance of ratio of leakage inductance to mutual inductance (Lσ/Lm) is clearer than the Blondel coefficient σ. Thus, the ratio of leakage inductance to mutual inductance is still preferable here. In addition, similar conclusion can be obtained by using σ instead of (Lσ/Lm), because (Lσ/Lm) is quite close to σ, (3.8), since  are usually much smaller than Lm.
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[bookmark: _Ref357784323][bookmark: _Ref404251370][bookmark: _Toc409958860]Influence of Iron Saturation, Stator and Rotor Resistances on Flux-Weakening Performance
The conclusions obtained in section 3.2 are based on some assumptions, which would more or less affect the real IM performances. This section investigates how IM’s flux-weakening performance is influenced by the practical factors, such as iron saturation, stator and rotor resistances.
[bookmark: _Ref399170610][bookmark: _Toc409958861]Iron Saturation
The calculation carried out in section 3.2 is based on the condition that there is no saturation in the iron, i.e. the magnetic circuit is linear and all the inductances are constant values. While in fact, the iron saturation cannot be neglected, in order to make the calculation more accurate. The influence caused by iron saturation can be perceived by current dependent inductances. The more precise electromagnetic torque equation can be expressed as (3.9). The calculation of torque-speed characteristic considering iron saturation has been presented in Chapter 2.
		 
 
		 
[bookmark: _Ref347415478] (3.9)
The IM in Appendix G is utilized to check the influence of iron saturation. The current dependent mutual and leakage inductances are shown in Fig. 3.2. The inductances are mainly affected by the d-axis current. The mutual and leakage inductances are both increased, as the d-axis current decreases. The torque-speed characteristic is obtained, as the dashed line in Fig. 3.3(a). The iron saturation only influences the constant torque region by decreasing the maximum output torque and increasing the rated speed, while leaving the torque-speed curve in flux-weakening region overlapping with part of the torque-speed curve of IM without considering saturation. The change of torque-speed characteristic in constant torque region is caused by the decrease of inductances and increase of current angle, which can be seen from Fig. 3.3(b) and (c) and equation (3.9). Because the iron is not saturated in flux-weakening region, the torque-speed characteristic in this region is not changed. 
The influences of iron saturation on torque-speed characteristic of IM are listed in Table 3.1. The constant power region is reduced (from 6.6:1 to 2.1:1) when iron saturation is considered, because the rated speed is increased (from 1140rpm to 3550rpm) while the critical speed is still the same (7600rpm). The inverter utilization at rated speed is increased from 0.65 to 0.75. IM still has infinite speed. It should be mentioned that it is a highly saturated electrical machine, with flux density in the stator yoke ~2T. It is because in the process of stator manufacturing, a kind of existing rectangular coils are utilized directly to shorten the prototyping cycle. The existing coils have higher height and smaller width than optimal ones, which should have made the flux density distribution in the stator teeth and yoke more reasonable. The slim stator slots contribute to the quite thinner stator yoke.
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[bookmark: _Ref374533909]Fig. 3.2 Influences of d- and q-axis currents on mutual and total leakage inductances. (a) Mutual inductance. (b) Leakage inductance.
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[bookmark: _Ref355710136]Fig. 3.3 Performances and parameters of IMs with/without saturation, ulim=26V, ilim=707A. (a) Torque- and power-speed characteristics. (b) Phase current amplitude and angle along the torque-speed characteristics (c) Mutual, stator and rotor inductances along the torque-speed characteristics (d) Power factors along the torque-speed characteristics
[bookmark: _Ref357752836]

Table 3.1 Influence of iron saturation on IM’s torque-speed characteristic
	
	No saturation
	Saturation

	Max. torque
	149Nm
	55Nm

	Rated speed
	1140rpm
	3550rpm

	Constant power region ratio
	6.6:1
	2.1:1

	Inverter utilization at rated speed
	0.65
	0.75

	Max. speed
	
	



[bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK20]The influence of iron saturation on the power factor along the torque-speed characteristic is shown in Fig. 3.3(d). When the iron saturation is considered, the power factor in constant torque region is actually larger, increasing from 0.65 to 0.75, while the power factor in the flux-weakening region is the same as that without considering saturation. The reason for the increase of power factor in constant torque region can be explained from the vector diagram and the power factor angle equation. According to the vector diagram of IM, as shown in Fig. 3.4, and equations (A.1)-(A.4), the power factor angle can be expressed by (3.10). Without considering the stator resistance, the power factor angle can be further simplified to (3.11).  is the angle between voltage vector and q-axis, and  is the angle between current vector and q-axis. Their sum is the power factor angle. When the iron saturation is considered, the current angle will increase since in this case id decreases and iq increases [ALB11]. Consequently,  decreases and  increases. However, their sum still decreases, because  changes more than  since /Ls is relatively smaller. Thus, it can be concluded that if the iron is more saturated in constant torque region, the power factor will be larger. While in flux-weakening region, because the current vector and inductances are not changed, Fig. 3.3(b) and (c), the power factor in this region is still the same.
		 
[bookmark: _Ref355689495] (3.10)
	 	 
[bookmark: _Ref355690711][bookmark: _Ref355689547] (3.11)


[bookmark: _Ref355863587]Fig. 3.4 Vector diagram of IM (are the voltage and current vectors when the current dependent inductances are not considered,   and   are the corresponding vectors when the current dependent inductances are considered, φ is power factor angle, θ is the current angle).
[bookmark: _Toc409958862]Stator Resistance
The influence of stator resistance on the torque-speed performance of IM is investigated by including different stator resistance values into the calculation. The torque- and power-speed characteristics of IMs with different stator resistances are shown in Fig. 3.5(a). The variations of phase current amplitude and angle along the maximum torque-speed characteristic are shown in Fig. 3.5(b). The influences of stator resistance on the maximum output torque, rated speed, constant power region and the inverter utilization at rated speed are listed in Table II. When the stator resistance is considered, the maximum output torque and constant power regions will not be affected, while the rated speed will be decreased. IM still has infinite speed. 
The influence of winding resistance on power factor and efficiency is plotted in Fig. 3.5 (c) and (d). As the stator resistance increases, the power factor along the torque-speed characteristic becomes higher, which can easily be explained according to (3.10). Although the power factor increases, the inverter utilization at rated speed still becomes lower, as shown in Table 3.2, because more active power is consumed as stator copper loss. In addition, increasing the stator resistance decreases the efficiency, Fig. 3.5(d), due to the increase of stator copper loss.
It should be mentioned that the stator resistance seems quite small in this section, because the calculated IM is a low voltage and high current one. The actual stator and rotor resistances (180ºC) are 0.0036Ω and 0.0015Ω for an IM designed under such voltage and current ratings, as shown in Appendix G.
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[bookmark: _Ref357334193]Fig. 3.5 Performances and parameters of IMs with different stator resistances, ulim=26V, ilim=707A, Lσ =0.011mH, Lm=0.135mH, Rr=1×10-6Ω. (a) Torque- and power-speed characteristics. (b) Phase current amplitudes and angles along the torque-speed characteristics (c) Power factors along the torque-speed characteristics (d) Efficiencies along the torque-speed characteristics

[bookmark: _Ref357752861]Table 3.2 Influence of stator resistance on IM’s torque-speed characteristic
	Stator resistance
	0Ω
	0.005Ω
	0.01Ω

	Max. torque
	149Nm
	149Nm
	149Nm

	Rated speed
	1140rpm
	1035rpm
	920rpm

	Constant power region 
	6.6:1
	6.6:1
	6.6:1

	Inverter utilization at rated speed
	0.65
	0.59
	0.52

	Max. speed
	
	
	


[bookmark: _Toc409958863]Rotor Resistance
Different values of rotor resistances are considered in the performance calculation of IM. The voltage and current ratings and inductance parameters are the same as those in the previous section. The influences of rotor resistances on the maximum output torque, rated speed, constant power region and the inverter utilization at rated speed are listed in Table 3.3. When the rotor resistance is considered, the maximum output torque will not change, while the rated speed, constant power region and inverter utilization at rated speed will all be decreased. IM still has infinite speed. 
[bookmark: _Ref357752868]Table 3.3 Influence of rotor resistance on IM’s torque-speed characteristic
	Rotor resistance
	1×10-6Ω
	0.005Ω
	0.01Ω

	Max. torque
	149Nm
	149Nm
	149Nm

	Rated speed
	1140rpm
	1030rpm
	920rpm

	Constant power region
	6.6:1
	5.9:1
	5.1:1

	Inverter utilization at rated speed
	0.65
	0.59
	0.52

	Max. speed
	
	
	



The torque- and power-speed characteristics of IMs with different rotor resistances are shown in Fig. 3.6(a). The variations of phase current amplitude and angle along the maximum torque-speed characteristic are shown in Fig. 3.6(b). The influence of rotor resistance on the power factor and efficiency is plotted in Fig. 3.6(c) and (d). Rotor resistance will not influence the power factor along the maximum torque-speed characteristic, because the power factor is independent of the rotor resistance, as can be seen from (3.10). Comparing the influence of rotor resistance with stator resistance, they have the same effect on the maximum torque, rated speed and inverter utilization at rated speed. The stator resistance can increase the power factor, while the rotor resistance cannot. The stator resistance will not influence the constant power region, while the rotor resistance will decrease the constant power region. 
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[bookmark: _Ref357334672][bookmark: _Ref355710185]Fig. 3.6 Performances and parameters of IMs with different rotor resistances, ulim=26V, ilim=707A, Lσ =0.011mH, Lm=0.135mH, Rs=0. (a) Torque- and power-speed characteristics. (b) Phase current amplitudes and angles along the torque-speed characteristic. (c) Power factors along the torque-speed characteristics. (d) Efficiencies along the torque-speed characteristics
[bookmark: _Ref404859850][bookmark: _Toc409958864]Influence of Physical Parameters on Torque-Speed Characteristic
The influences of inductances, resistances and iron saturation on flux-weakening performance of IM have been investigated in section 3.2 and 3.3, and it shows that the flux-weakening performance mainly depends on the ratio of total leakage to mutual inductance Lσ/Lm. It is well known that the maximum torque in low speed region depends on the mutual inductance Lm, with the maximum stator current limited by inverter. In this section, the influences of some physical parameters on the maximum torque-speed characteristic are investigated, such as the ratio of tooth width to slot pitch, stator inner diameter, airgap length, slot area, number of stator/rotor slots per pole per phase, number of pole pairs, etc. The maximum torque in low speed region and constant power region are analysed, which are two key design targets of IMs for EV/HEV applications. The definition of constant power region has been clarified in section 3.2.2. The analytical calculation method presented in Chapter 2 is utilized for torque-speed characteristic calculation.
[bookmark: _Toc409958865]Initial Design
In order to investigate the influence of physical parameters, an IM is initially designed. The cross section is shown in Fig. 3.7 and the main parameters are listed in Table 3.4. The split ratio is defined as the ratio of stator inner diameter to stator outer diameter (Di/D1). The stator and rotor slot combination is referred to a commercialized IM product.


[bookmark: _Ref403840218]Fig. 3.7 Cross section of initially designed IM
[bookmark: _Ref403840236]Table 3.4 Major parameters of initially designed IM
	Stator outside diameter D1 (mm)
	144

	Stack axial length L (mm)
	110

	Number of pole pairs p
	3

	Number of stator slot number Q1
	54

	Number of rotor slot number Q2
	44

	Split ratio
	0.68

	Airgap length g (mm)
	0.4

	Area per stator slot (mm2)
	30.89

	Area per rotor slot (mm2)
	24.71

	[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3]Ratio of stator tooth width to slot pitch (bt1/t1)
	0.59

	[bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK7]Ratio of rotor tooth width to slot pitch (bt2/t2)
	0.59

	Packing factor
	0.4

	Stator copper loss PCu1 at 180ºC (kW)
	2.96

	Squirrel cage material
	Copper


[bookmark: _Toc409958866]Influence of Physical Parameters
Dimension Parameters
The investigated dimension parameters include:
· bt1/t1 or bt2/t2;
· Split ratio;
· Airgap length g;
· The ratio of stator and rotor total slot area to lamination area.
bt1/t1 is always set to be equal to bt2/t2 during the process of dimension variation, to make the total stator and rotor tooth width per pole similar. It is reasonable because the main flux flowing through stator and rotor per pole are similar. For each IM with a different split ratio, the ratio of tooth width to slot pitch is re-optimized to obtain the maximum possible torque in low speed region, and the other parameters listed in Table 3.4 are not changed. For each IM with a different p, the split ratio and bt1/t1 are globally optimized to obtain the maximum torque in low speed region, and Q1 and Q2 are changed to keep q1 and q2 (q1=3 and q2=22/9) unchanged. For each IM with a different ratio of total slot area to lamination area, the split ratio and bt1/t1 are globally optimized to obtain the maximum torque, and the stator and rotor slot areas are changed proportionally (the ratio of area per stator slot to rotor slot is 1:0.8). 
[bookmark: OLE_LINK32][bookmark: OLE_LINK33]The maximum torque and constant power region for different bt1/t1, split ratio, g and slot areas are shown in Fig. 3.8. There exist optimal dimensions for the maximum torque in low speed region and constant power region respectively, which are represented by Aopt_T and Aopt_P and listed in Table 3.5. Aopt_T and Aopt_P are usually different, and the reasonable design values to achieve an optimal torque/power-speed characteristic should be between them. There exists a general rule for the relationship between Aopt_T and Aopt_P , which is stated as follows:
· Aopt_T < Aopt_P, if  Lσ  decreases with dimension, such as split ratio and g, etc.;
· Aopt_T > Aopt_P, if  Lσ  increases with dimension, such as bt1/t1 and slot area.
The maximum torque and constant power region depend mainly on Lm and Lσ/Lm respectively, which are shown in Fig. 3.9. If Lσ does not change with dimension, i.e., Lσ is constant, the dimension for the smallest Lσ/Lm will be the same as that for the largest Lm. If Lσ decreases with the increase of dimension, the optimal dimension for the smallest Lσ/Lm will be larger than that for the largest Lm. On the other hand, the optimal dimension for the smallest Lσ/Lm will be smaller than that for the largest Lm. How the dimensions influence Lσ are as follows:
1) As bt1/t1 and bt2/t2 increase, Ls1 and Ls2 increase, Fig. 3.11 (a), because the slot becomes narrower. Consequently, Lσ increases, Fig. 3.10 (a).
2) The slot becomes shallower as split ratio increases. Thus, Ls1 and Ls2 decrease, Fig. 3.11 (b). Consequently, Lσ decreaes, Fig. 3.10 (b).
3) Ld1 and Ld2 decrease with the increase of airgap length. Consequently, Lσ decreases, Fig. 3.10 (c).
4) As the slot area increases, the number of series turns per phase  has to be increased to keep PCu1 unchanged, as seen from (3.12). Thus, all the leakage inductance components increase, Fig. 3.11 (d). Consequently, Lσ increases, Fig. 3.10 (d).
		 
5) [bookmark: _Ref404257776] (3.12)
[bookmark: _Ref403913829]
Table 3.5 Optimal dimension values for the maximum torque in low speed region and constant power region 
	
	Optimal value
for maximum torque
(Aopt_T)
	Optimal value
for constant power region
(Aopt_P)

	Ratio of tooth width to slot pitch
	0.59
	0.47

	Split ratio
	0.68
	0.74

	Airgap length (mm)
	0
	0.6

	Ratio of slot to lamination area
	0.32
	0
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[bookmark: _Ref403913734]Fig. 3.8. Variations of maximum torque in low speed region and constant power region with dimensions. The dimension parameters include: (a) Ratio of tooth width to slot pitch. (b) Split ratio. (c) Airgap length. (d) Ratio of stator and rotor total slot area to lamination area.
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[bookmark: _Ref403914108]Fig. 3.9. Variations of mutual inductance and ratio of leakage to mutual inductances with dimensions. The dimension parameters include: (a) Ratio of tooth width to slot pitch. (b) Split ratio. (c) Airgap length. (d) Ratio of stator and rotor total slot area to lamination area.
[image: ]
(a)
[image: ]
(b)
[image: ]
(c)
[image: ]
(d)
[bookmark: _Ref403915397]Fig. 3.10. Variations of total leakage inductance with dimensions. The dimension parameters include: (a) Ratio of tooth width to slot pitch. (b) Split ratio. (c) Airgap length. (d) Ratio of stator and rotor total slot area to lamination area.
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[bookmark: _Ref403915962]Fig. 3.11. Variations of all leakage inductance components with dimensions. Ls1 and Ls2 are the stator and rotor slot leakage inductances, Ld1 and Ld2 are the stator and rotor harmonic leakage inductances, Le1 and Le2 are the stator and rotor end leakage inductances. The dimension parameters include: (a) Ratio of tooth width to slot pitch. (b) Split ratio. (c) Airgap length. (d) Ratio of stator and rotor total slot area to lamination area
Other Physical Parameters
The influences of the following physical parameters are also investigated:
· [bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK27]Number of stator slots per pole per phase q1;
· Number of rotor slots per pole per phase q2;
· Number of pole pairs p;
The maximum torque and constant power region for different q1, q2 and p are shown in Fig. 3.12. As can be seen from Fig. 3.12 (a) and (b), q1 and q2 have little influence on the maximum torque, because they affect Lm little, as shown in Fig. 3.13 (a) and (b). However, the constant power region increases with q1 and q2, because the total leakage inductances decrease with the increase of q1 and q2, and further Lσ/Ls decreases, Fig. 3.14 (a) and (b). It is caused by the decreased stator and rotor harmonic leakage inductances, Ld1 and Ld2, respectively, as shown in Fig. 3.15 (a) and (b). It is due to the more sinusoidal MMF space waveform. In addition, the improvement of constant power region is not obvious if q1 or q2>3.
Usually, Lm is inversely proportional to p2, assuming Di does not change, as can be seen from (3.13). The stator and rotor harmonic and end leakage inductances (Ld1 and Ld2, Le1 and Le2) are inversely proportional to p2, as shown in Fig. 3.15 (c), (2.14a), (2.15a), (2.16) and (2.17). The slot leakage inductances are almost independent of p. Thus, the decrease of Lσ with p is not as fast as Lm, Fig. 3.14 (c). Consequently, Lσ/Lm increases with p, Fig. 3.13 (c). In real case, the stator yoke thickness decreases as p increases, because the flux per pole is reduced. Consequently, Di increases, which favours to increase Lm and reduce Lσ/Lm. The influence of p on Lm is complicated, which is especially obvious when p is small. In the specific case in this chapter, the optimal p for the maximum torque and constant power region are both 3. It should be mentioned that when p is changed, the maximum torque is proportional to pLm instead of Lm. Thus, the variation of pLm is shown in Fig. 3.13 (c), instead of Lm.
		 
[bookmark: _Ref403924786] (3.13)
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[bookmark: _Ref403920517]Fig. 3.12. Variations of maximum torque in low speed region and constant power region with physical parameters. The physical parameters include: (a) Number of stator slots per pole per phase. (b) Number of rotor slots per pole per phase. (c) Number of pole pairs.
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[bookmark: _Ref403921156]Fig. 3.13. Variations of mutual inductance and ratio of leakage to mutual inductance with physical parameters. The physical parameters include: (a) Number of stator slots per pole per phase. (b) Number of rotor slots per pole per phase. (c) Number of pole pairs.
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[bookmark: _Ref403921281]Fig. 3.14. Variations of leakage inductance with physical parameters. The physical parameters include: (a) Number of stator slots per pole per phase. (b) Number of rotor slots per pole per phase. (c) Number of pole pairs.
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[bookmark: _Ref404258765]Fig. 3.15. Variations of all leakage inductances with physical parameters. Ls1 and Ls2 are the stator and rotor slot leakage inductances, Ld1 and Ld2 are the stator and rotor harmonic leakage inductances, Le1 and Le2 are the stator and rotor end leakage inductances. The physical parameters include: (a) Number of stator slots per pole per phase. (b) Number of rotor slots per pole per phase. (c) Number of pole pairs.
[bookmark: _Ref277081142][bookmark: _Toc409958867]Conclusions
The flux-weakening performance of IM is mainly affected by the mutual and leakage inductances. The ratio of total leakage inductance to mutual inductance is introduced as a key design parameter which determines the flux-weakening performance of IM. With zero inductance ratio, IM can achieve infinite constant power region and maximum utilization of the inverter at base speed, approximately 0.7, while the power factor reaches the maximum value, 0.7 in constant torque region and 1.0 in constant power region.  IM can always output infinite speed. In addition, the influences of some practical factors, including iron saturation, stator and rotor resistances, on the foregoing mentioned conclusions are examined. 
There exist optimal dimensional values for the maximum torque in low speed region and constant power region respectively (represented by Aopt_T and Aopt_P). For split ratio and airgap, Aopt_T < Aopt_P; For the ratio of tooth width to slot pitch and slot area, Aopt_T > Aopt_P. The reasonable design values to achieve an optimal torque/power-speed characteristic should be between them. It is desirable to design an IM with q1 or q2≥3 to achieve an optimal torque-speed characteristic. In the specific case in this chapter, 3 is the optimal number of pole pairs for both the maximum torque and constant power region.
[bookmark: _Ref396400115]

[bookmark: _Toc409958868]Difference in Maximum Torque-speed Characteristics of Induction Machine between Motor and Generator Operation Modes
[bookmark: _Toc409958869]Introduction
Torque/power-speed characteristic of IM has been studied extensively in literature. However, most of the papers mainly focus on IM in motor operation mode, and not much attention is paid to the generator operation mode. Usually, electrical machines for EV/HEV applications need to work in both motor and generator modes. In fact, the maximum torque/power-speed characteristics of IM in motor and generator modes are sometimes quite different, which can be seen from the calculation or test results in some literature [FRI09]. This chapter mainly focuses on investigating the difference of maximum torque-speed characteristics of IM between motor and generator modes. The investigated parameters include stator and rotor resistances, and the analysed performances include the maximum torque- and output power-speed curves, power factor and efficiency. In addition, the influences of some practical parameters are investigated, such as variable inductances and iron loss, etc. 
[bookmark: _Ref404088872][bookmark: _Toc409958870]Maximum Torque-speed Characteristics in Motor and Generator Modes
The circle diagram and corresponding torque-speed characteristics of IM in motor and generator modes are shown in Fig. 4.1, which typically divides the torque-speed characteristics into three modes by rated and critical operating points B (or B') and P (or P'). The current trajectories of IM in motor and generator modes are symmetrical about d-axis. IM in generator mode has better torque-speed characteristic than in motor mode, because for the same current vector, i.e. electromagnetic torque, the corresponding frequency of voltage limit ellipse in generator mode is larger than that in motor mode. IM in motor and generator modes has identical electromagnetic torque value in constant torque region, because the d- and q-axis current amplitudes are the same. It should be mentioned that the torque/power value in generator mode is usually minus. However, it is transformed to positive value in this chapter to make the difference between motor and generator modes clearer.
The frequency difference of the voltage limit ellipse of IM in motor and generator modes, for the same d- and q-axis current values, can be explained from the voltage vector diagram. Two voltage vector diagrams for points B(or  and P(or  are shown in Fig. 4.2. The voltage equations of IM in dq-axis reference frame are listed in (A.3) and (A.4) in Appendix A.  and  are the stator voltage and current vectors in motor mode,  and  are the stator voltage and current vectors in generator mode, φ and φ' are power factor angles in motor and generator modes. It can be seen that with the same d- and q-axis current values and stator frequency, the stator voltage amplitude of IM in generator mode is always smaller than that in motor mode, while the power factor in generator mode is always lower than that in motor mode, which are both caused by the opposite directions of q-axis currents. That is also the reason why for the same electromagnetic torque, the frequency of voltage limit ellipse in generator mode is larger than that in motor mode. It also can be seen that the magnitude of voltage difference has a close relationship with stator resistance value.
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	(b)


[bookmark: _Ref404088818]Fig. 4.1.  Circle diagram of IM in motor (Solid blue line) and generator (Solid red line) modes. The solid line in (a) is the current trajectory under maximum torque control. The curves in (b) are the corresponding torque-speed characteristics



(a)


(b)
[bookmark: _Ref404088695]Fig. 4.2. Voltage vector diagrams of IM in motor (Blue) and generator (Red) modes. (a) Vector diagram with current vectors at B and B’ with frequency ωB. (b) Vector diagram with current vectors at P and P’ with frequency ωP.


[bookmark: _Toc409958871]Influence of Stator and Rotor Resistances
The calculation method in Chapter 2 is utilized to calculate the torque/power-speed characteristics. In this section, the influences of stator and rotor resistances Rs and Rr on the difference in the maximum torque/power-speed characteristics between motor and generator modes are investigated. It is assumed that the iron saturation level does not change along the whole speed region, i.e. Ls and Lt are constant, and the iron loss is zero, to simplify the analysis. The influence of variable inductances and iron loss will be investigated in section 4.4.
[bookmark: _Toc409958872]Stator Resistance
[bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK67]The electromagnetic torque/power-speed characteristics of IM with different Rs are shown in Fig. 4.3 (a) and (b). The rotor resistance is set to be quite small (1×10-6Ω) to exclude the influence of Rr. The electromagnetic torque in flux-weakening region decreases with Rs in motor mode, while increases with Rs in generator mode. Consequently, the difference between them increases. It is due to the opposite directions of q-axis currents, which has been explained in last section. Although the difference of electromagnetic power between motor and generator modes in flux-weakening region increases with Rs, the difference of output power does not change obviously, as shown in Fig. 4.3 (c). The output power in motor and generator modes can be expressed by (4.1) and (4.2) respectively. The output power difference between generator and motor modes is (4.3). Although  in flux-weakening region increases with Rs, the stator copper loss PCu1 also increases, and consequently the difference of output power does not change obviously. 
		 
[bookmark: _Ref402793077] (4.1)
		 
[bookmark: _Ref402787065] (4.2)
		 
[bookmark: _Ref402802825] (4.3)
where  and  are the output power in motor and generator modes respectively,  and  are the electromagnetic power in motor and generator modes respectively,  is the rotor copper loss in motor mode,  is the stator copper loss in generator mode.
The power factors and efficiency at rated operation point of IM in motor and generator modes for different Rs are shown in Fig. 4.4. The power factor increases with Rs in motor mode, while decreases with Rs in generator mode. Consequently, the difference between them increases with Rs. It is also due to the opposite direction of q-axis current, as explained in section 4.2.
For the efficiency calculation, the iron loss is not included. The efficiency decreases with Rs in both motor and generator modes, due to the increased PCu1. Rs value does not influence the difference of efficiency between motor and generator modes.
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[bookmark: _Ref403397526](c)
[bookmark: _Ref403577099]Fig. 4.3. Torque- and power-speed characteristics of IM with different Rs, Rr=1×10-6Ω, Ls=0.0712mL, Lt=0.0107mL, θ0=63.2º, ulim=26V, ilim=707A. (a) Torque-speed. (b) Electromagnetic power-speed. (c) Output power-speed.
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(b)
[bookmark: _Ref403399499]Fig. 4.4 Variation of power factor and efficiency at rated operation point of IM with different Rs, Rr=1×10-6Ω, Ls=0.0712mL, Lt=0.0107mL, θ0=63.2º, ulim=26V, ilim=707A. (a) Power factor. (b) Efficiency.
[bookmark: _Toc409958873]Rotor Resistance
The electromagnetic torque- and power-speed characteristics of IM with different Rr are shown in Fig. 4.5 (a) and (b). The electromagnetic torque in flux-weakening region decreases with Rr in motor mode due to the positive slip ratio, but increases with Rs in generator mode due to the negative slip ratio, as shown in Fig. 4.5 (d). The opposite slip ratios are caused by opposite directions of q-axis currents, (A.6). Consequently as Rr increases, the difference between them increases.
The difference of output power in flux-weakening region between motor and generator modes also increases with Rr, as shown in Fig. 4.5 (c). It is due to the increased, as well as the increased PCu2, according to (4.3).
The power factors and efficiency at rated operation point of IM in motor and generator modes for different Rr are shown in Fig. 4.6. The rotor resistance Rr does not influence the power factor value. It can be explained from the voltage vector diagram in Fig. 4.2, which shows that the power factor is independent on Rr.
As Rr increases, the efficiency of IM in both motor and generator modes decreases, due to the increased PCu2. However, the decrease of efficiency for motor mode is faster than that in generator mode. The efficiency for rated operation points in motor and generator modes,  and  are (4.4) and (4.5) respectively, which show that PCu2 affects the efficiency in motor mode more than that in generator mode. Consequently, the efficiency difference between motor and generator modes increases with PCu2.
		 
[bookmark: _Ref403405430] (4.4)
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(d)
[bookmark: _Ref403577423]Fig. 4.5 Torque-, power- and slip ratio-speed characteristics of IM with different Rr, Rs=0.004Ω, Ls=0.0712mL, Lt=0.0107mL, θ0=63.2º, ulim=26V, ilim=707A. (a) Torque-speed. (b) Electromagnetic power-speed. (c) Output power-speed. (d) Slip ratio-speed.
[bookmark: _Ref402530772]
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(b)
[bookmark: _Ref403402843]Fig. 4.6 Variation of power factor and efficiency at rated operation point of IM with different Rr, Rs=0.004Ω, Ls=0.0712mL, Lt=0.0107mL, θ0=63.2º, ulim=26V, ilim=707A. (a) Power factor. (b) Efficiency.
[bookmark: _Ref403318508]

[bookmark: _Toc409958874]Influence of Other Parameters
The influences of some practical parameters are neglected in the foregoing investigation in order to simplify the analysis, such as variable inductance and iron loss. The IM in Appendix G is utilized to check the influence of variable inductance and iron loss on the torque/power-speed characteristic in this section.
[bookmark: _Toc409958875]Variable Inductance
The iron saturation level may be different for different operation points along the torque-speed curve of IM, in other words, the inductances are varying along the torque-speed curve, as shown in Fig. 4.7. The inductance in flux-weakening region is larger than that in constant power region, due to the less saturated iron because of flux-weakening. The electromagnetic torque/power-speed characteristics of IM with constant and variable inductances are shown in Fig. 4.8 (a) and (b). The electromagnetic torque/power in flux-weakening region of IM with variable inductances is larger than that of IM with constant inductances in both motor and generator modes. The improvement of flux-weakening performance of IM can also be explained from the circle diagram, Fig. 4.1. For the same current vector and stator frequency in flux-weakening region, Ls of IM with variable inductances is much smaller than that with constant inductances, Fig. 4.7. Consequently, the stator voltage amplitude of IM with variable inductances is smaller, as can be seen from (4.6) with Rs neglected. In other words, for the same current vector in flux-weakening region, the corresponding voltage limit ellipse frequency of IM with variable inductances is larger.
		 
[bookmark: _Ref403478330] (4.6)
Although the electromagnetic torque/power-speed characteristics in both motor and generator modes are improved, the difference between them does not change obviously. It is the same case for output power-speed characteristics, as shown in Fig. 4.8 (c).
[bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK71][bookmark: OLE_LINK72][bookmark: OLE_LINK73]When the variable inductances are considered, the power factor at rated operation point is improved both in motor and generator modes, due to the smaller Lt/Ls. As the IM works in the flux-weakening region, the iron becomes less saturated, consequently, Lm increases and Lt/Ls decreases. The variable inductances have little effect on the efficiency. In summary, the variable inductances do not influence the difference in maximum torque/power-speed characteristics between motor and generator modes obviously.
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[bookmark: _Ref403476010]Fig. 4.7. Inductance values along the torque-speed characteristics of IM with constant and variable inductances in motor mode, ulim=26V, ilim= 707A.
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(c)
[bookmark: _Ref403577754]Fig. 4.8. Torque- and power-speed characteristics of IM with constant and variable inductances, ulim=26V, ilim=707A. (a) Torque-speed. (b) Electromagnetic power-speed. (c) Output power-speed.



Table 4.1 Power factor and efficiency at rated operation points of IM with constant and variable inductances
	
	
	Constant inductance
	Variable inductance

	Motor
	cosφ
	0.772
	0.791

	
	η
	83.5%
	83.9%

	Generator
	cosφ
	0.678
	0.705

	
	η
	84.2%
	84.8%



[bookmark: _Toc409958876]Iron Loss
The main energy flows of IM in motor and generator modes are shown in Fig. 4.9. The shaft torque of IM in motor and generator modes is (4.7) and (4.8) respectively. The output powers in motor and generator modes are given by (4.9) and (4.10) respectively. As can be seen from (4.7) and (4.8), the torque in motor and generator modes decreases and increases respectively, when iron loss is considered. Consequently the difference in torque-speed characteristics between the motor and generator modes increases. As can be seen from (4.9) and (4.10), the iron loss decreases the output power in motor mode, while does not influence the output power in generator mode. Consequently the difference in output power-speed characteristics between motor and generator modes also increases with iron loss.


(a)

  
(b)        
[bookmark: _Ref403483136]Fig. 4.9.  Energy flows of IM in motor and generator modes. (a) Motor. (b) Generator. Pin is the input power, Pout is the output power, PFe is the iron loss.
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where  and  is the shaft torque in motor and generator modes respectively.
The iron losses along the torque-speed curve of IM in motor and generator modes are shown in Fig. 4.10. The torque-speed characteristics of IM with and without considering iron loss are shown in Fig. 4.11 (a). The iron loss influences the torque in constant torque region more obviously than in flux-weakening region, due to the not large iron loss and higher speed in flux-weakening region, compared with those in low speed region. The iron loss decreases the output power-speed characteristic of IM in motor mode slightly, as shown in Fig. 4.11 (b), because the iron loss is much smaller than the electromagnetic power.
The iron loss does not influence the power factors in both motor and generator modes, but decreases the efficiency, as listed in Table 4.2.
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[bookmark: _Ref403485653]Fig. 4.10. Iron losses along the torque-speed curves, ulim=8.65V, ilim= 141A.
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[bookmark: _Ref403485314]Fig. 4.11 Torque- and output power-speed characteristics of IM with and without considering iron loss, ulim=8.65V, ilim= 141A. (a) Torque-speed. (b) Output power-speed.
[bookmark: _Ref403486827]
Table 4.2 Power factor and efficiency at rated operation points of IM with and without considering iron loss
	
	
	Without iron loss
	With iron loss

	Motor
	cosφ
	0.694
	0.694

	
	η
	89.9%
	87.8%

	Generator
	cosφ
	0.629
	0.629

	
	η
	89.9%
	87.9%





[bookmark: _Toc409958877]Experiment Verification
In this section, the differences in maximum torque/power-speed characteristics between the motor and generator modes are verified by experiment. The tested IM and the test rig are the same as those shown in section 2.5. 
The IM and inverter are connected by cables. The cable resistance per phase (0.006Ω at 20ºC) is even larger than the winding phase resistance (0.003Ω at 120ºC). Consequently, the voltages imposed on the winding of IM in the motor and generator modes are different, as shown in section 2.5, although the limit of inverter output voltage is the same. In order to make a fair comparison between motor and generator modes, the cable is seen as part of the stator winding. Then the winding terminal voltages of IM in motor and generator modes will be the same.
The output power ( and ), apparent powers ( and ), power factors (and ) and efficiencies ( and ) of IM in the motor and generator modes with cable included are obtained by (4.11)-(4.18).
[bookmark: OLE_LINK24][bookmark: OLE_LINK34][bookmark: OLE_LINK55]		 
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[bookmark: _Ref405399738](4.18)
where Pcable is the power loss in cables, Pin_M and Pin_G are the input power in motor and generator modes without cable included, cosφM and cosφG are the power factors in motor and generator modes without cable included. Pin_M, Pin_G, cosφM and cosφG are all measured values.
, , , ,  and  are approximately considered as the measured results. 
[bookmark: OLE_LINK59][bookmark: OLE_LINK60][bookmark: OLE_LINK61][bookmark: OLE_LINK62]Then the analytically calculated and measured torque- and output power-speed characteristics, power factors and efficiencies are shown in Fig. 4.12 - Fig. 4.15. The analytically calculated and measured results agree well. 
During the test, the IM shaft and torque sensor are connected by the belt transmission device and shaft joint. The shaft torque is obtained by dividing the measured torque by belt ratio, assuming there is no slip power loss in the belt transmission device. With the slip power loss considered, the real shaft torque of IM in motor and generator modes are (4.19) and (4.20), i.e. the real shaft torque should be higher in the motor mode and lower in the generator mode. That is the reason why the measured maximum torque in low speed region of IM in the motor mode is lower than that in generator mode, as shown in Fig. 4.12. The slip power loss in the belt transmission device has a relationship with load and is difficult to separate from the total loss. Thus, it is not considered in the test.
		 
[bookmark: _Ref405489219](4.19)
		 
[bookmark: _Ref405489221](4.20)
where Tmec_belt is the torque corresponding to slip power loss in the belt transmission device.
Although the shaft torque in the generator mode in low speed region is close to that in motor mode, the output power is much lower, because the stator and rotor copper losses, and iron loss are subtracted from the shaft power to obtain the output power in generator mode.
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[bookmark: _Ref405402735]Fig. 4.12 Torque-speed characteristics, ilim=424A, ulim=24V.
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Fig. 4.13 Output power-speed characteristics, ilim=424A, ulim=24V.
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Fig. 4.14 Power factors along torque-speed characteristics, ilim=424A, ulim=24V.
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[bookmark: _Ref405402738]Fig. 4.15 Efficiencies along torque-speed characteristics, ilim=424A, ulim=24V.


[bookmark: _Toc409958878]Conclusions
The torque/power-speed characteristic of IM in generator mode is always better than that in motor mode, but the power factor in generator mode is lower than that in motor mode The differences are caused by the opposite directions of q-axis currents. The difference in torque-speed characteristic is mainly influenced by both stator and rotor resistances, but the difference in output power-speed characteristic is mainly influenced by rotor resistance. The magnitude of differences increases with the corresponding resistance value. In addition, iron loss contributes to their difference in torque- and output power-speed characteristics, but not as obvious as resistances.


[bookmark: _Ref395113802][bookmark: _Toc409958879]Design and Electromagnetic Performance of Hybrid Permanent Magnet Assisted Synchronous Reluctance Machine
[bookmark: _Ref396063341][bookmark: _Toc409958880]Introduction
SynRM is not a type of traction machine as widely used as IM and IPM for EV/HEV application. The operation of SynRM relies on reluctance torque which depends on saliency ratio. Usually, its torque density is much lower than that of IPM, which utilizes both reluctance and permanent magnet (PM) torque. The electromagnetic performance of SynRM, in terms of torque and power density, power factor and flux-weakening performance, can be enhanced by adding low-cost ferrite PM with low magnetic energy product or a small quantity of NdFeB PM, i.e. PMA-SynRM, which still makes its price preferable to the conventional IPM [ALB10] [ARM08] [BAR12] [BIA09] [GUG04] [GUG13] [MOR01] [NIA07]  [OOI13] [PEL09] [PEL11]. In addition, the no load voltage is not so high when over-speeding due to weaker PM-excited magnetic field, and consequently, the requirement of fault voltage protection may be eliminated [BOL14]. 
The price of NdFeB PM is high and fluctuates violently in recent years, which strongly influences the popularity of electrical machines with NdFeB. NdFeB-assisted SynRM tries to reduce the NdFeB quantity by maximizing reluctance torque, however, the NdFeB usage quantity is still not satisfying. The ferrite-assisted SynRM is favourable from the view of material cost, while the electromagnetic performance is usually not as good as the IPM employing NdFeB magnets. Taking FB12H and N36Z as examples, the maximum magnetic energy product of ferrite is ~15% of NdFeB at 20ºC, as shown in Fig. B.1 and Fig. B.2. However, the material cost is less than 10% of NdFeB (ferrite=~8£/kg, NdFeB=~100£/kg in 2013 UK market). Thus, it favors to further reduce the material cost of electrical machine if some quantity of NdFeB can be substituted by ferrite. Some of hybrid types of PMs have been proposed to reduce to electrical machine material cost [JHA12] [YU13]. However, the topology is different from what is proposed in this chapter.
A hybrid PM-assisted SynRM is proposed in this chapter, as shown in Fig. 5.1, which utilizes both ferrite and NdFeB PMs, in order to reduce the material cost without sacrificing the electromagnetic performance. Finite element analysis (FEA) is adopted for the optimization in order to consider the iron saturation more accurately. Firstly, the design process is presented and a hybrid PM-assisted SynRM is designed. In order to present the features of hybrid PM-assisted SynRM, a SynRM, ferrite-assisted and NdFeB-assisted SynRMs are also designed. Then the electromagnetic performance is investigated and discussed. 
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[bookmark: _Ref394428260]Fig. 5.1 Rotor of hybrid PM-assisted SynRM.
[bookmark: _Ref393721793][bookmark: _Toc396210621][bookmark: _Toc409958881]Design of SynRM
[bookmark: _Ref394749377][bookmark: _Toc396210622][bookmark: _Ref385423277][bookmark: _Toc409958882]Minimization of Rotor Optimization Parameter Number 
There exist a large number of design parameters in the rotor of multi-layer SynRM, which complicates the optimization process. The design parameters can be reduced by imposing some reasonable conditions, which will not obviously influence the electromagnetic performance, in terms of maximum output torque capability. The reasonable conditions are discussed in this section. Genetic algorithm (GA) is adopted for optimization, since it is suitable for multi-variable optimization [BIA12] [PEL13] [CUP13]. Firstly, a parameterized model is built by FEA software Maxwell. Then GA is adopted for optimization of maximum output torque.
Different conditions investigated in this section are as follows and a three-layer SynRM rotor is shown in Fig. 5.2 to illustrate the conditions:
· Condition I: the iron widths along tangential and radial directions are equal respectively, i.e. hi2= hi3 and hi2'= hi3'= 2hi4'
· Condition II: the barrier widths along tangential and radial directions are equal respectively, i.e. hb1=hb2= hb3 and hb1'= hb2'= hb3'
· Condition III: all irons have uniform width, i.e. hi2= hi2' , hi3= hi3' 
· Condition IV: all barriers have uniform width, i.e. hb1= hb1', hb2 =hb2', hb3= hb3'

[bookmark: _Ref393707507]Fig. 5.2 Cross section of SynRM rotor with four barriers and all dimensional variables.
The stator of a 6-pole IM in Appendix H is used without changes. The rotor is optimized with different combinations of the above conditions to maximize the possible electromagnetic torque, and the imposed stator current amplitude is 707A. The optimized geometries of SynRM with different conditions are shown in Fig. 5.3. The corresponding maximum possible electromagnetic torque is shown in Fig. 5.4. It can be seen that the condition IV is not reasonable which significantly weakens the output torque capability. Thus, the conditions I, II and III are reasonable for the optimization of SynRM rotor, which significantly reduce the number of rotor optimization parameters to four, i.e. hb1, hb1', hi1' and hi1. Further, minimum hi1 can be adopted directly during the optimization process, which will not influence the output torque capability, according to the research by Pellegrino [PEL13]. Finally, the number of rotor design parameters of SynRM is reduced to three hb1, hb1', hi1'.

[image: ] [image: ] [image: ]
                           (a)                                           (b)                                           (c) 
[image: ] [image: ] [image: ]
                           (d)                                           (e)                                         (f) 
  [image: ]
                         (g) 
[bookmark: _Ref382470392]Fig. 5.3 Optimized geometries of SynRMs with different imposed conditions (a) Without Conditions. (b) Condition I. (c) Condition II. (d) Conditions I+II. (e) Conditions I+II+IV. (f) Conditions I+II+III. (g) Conditions I+II+III+IV.
[image: ]
[bookmark: _Ref382470458]Fig. 5.4 Maximum output torque of SynRMs with different imposed conditions.
[bookmark: _Toc396210623][bookmark: _Ref404161032][bookmark: _Toc409958883]Number of Barriers
The number of rotor barriers of SynRM has an influence on the output torque capability and torque ripple. Reasonable conditions, as illustrated in section 5.2.1, are imposed on the optimization process, and GA is adopted for each SynRM with a different number of barrier layers to maximize the possible output torque. The cross sections of optimized SynRMs with different number of layers are shown in Fig. 5.5. The maximum possible output torque and torque ripples are shown in Fig. 5.6 and Fig. 5.7. The maximum output torque increases with the number of layers, however, the influence is not obvious if the number of layer is larger than two. Finally, two is determined as the number of layers, because it has much smaller torque ripple than three-layer SynRM, and less mechanically complicated than four-layer SynRM.
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[bookmark: _Ref392246995]Fig. 5.5 Cross sections of optimized SynRMs. (a) Single-layer. (b) Two-layer. (c) Three-layer. (d) Four-layer.
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[bookmark: _Ref393874129]Fig. 5.6 Torque ripple waveforms corresponding to maximum output torque of SynRMs with different numbers of barriers.
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[bookmark: _Ref392246999]Fig. 5.7 Maximum output torque and corresponding peak-to-peak torque ripple values of SynRMs with different numbers of barriers.
[bookmark: _Toc396210624][bookmark: _Toc409958884]Design of PMA-SynRM
The electromagnetic torque of PMA-SynRM consists of reluctance and PM torque. Since the reluctance torque of optimized SynRM has already been maximized, the design of PMA-SynRM can be carried out by inserting PMs into the barriers. It is reasonable from the view of saving PM, since it favours to reduce the PM quantity by utilizing the reluctance torque maximally. In fact, the iron saturation can be different after inserting PM. Consequently, the real reluctance torque of PMA-SynRM can be different from that of SynRM. It will be checked in section 5.6.2 by using frozen permeability. The influence of PM on reluctance torque of PMA-SynRM is neglected in order to simplify the optimization process without using frozen permeability. Ferrite-assisted SynRM and NdFeB-assisted SynRM are two major types of PMA-SynRMs. Ferrite FB12H and NdFeB N36Z are adopted, of which BH characteristics are shown in Fig. B.1 and Fig. B.2. A ferrite-assisted SynRM are usually designed by filling low-cost ferrite PM fully into the barriers of SynRM. The narrower parts of barriers are not filled with ferrite, as shown in Fig. 5.8(a), because thinner ferrite is easily subject to demagnetization due to the low magnetic energy product, especially for electrical machine under high electric load. For a NdFeB-assisted SynRM, because NdFeB PM is not easy to be demagnetized due to the high magnetic energy product, thinner NdFeB PM is usually favourable to improve the utilization of PM [GUG13], and further to reduce the material cost, as shown in Fig. 5.8(b). The variation of maximum possible output torque with NdFeB quantity is shown in Fig. 5.9, which shows that the maximum torque of NdFeB-assisted SynRM increases almost linearly with PM quantity. For electrical machines with NdFeB PMs for EV/HEV applications, it is always desirable that the electromagnetic performance can be satisfied with a less quantity of NdFeB, due to high cost of NdFeB. Finally, the NdFeB is determined to be 0.38kg in order to satisfy the maximum torque requirement, which is 55Nm in this chapter.
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[bookmark: _Ref393966456]Fig. 5.8 Cross sections of PMA- SynRM rotors. (a) Ferrite-assisted SynRM. (b) NdFeB-assisted SynRM.
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[bookmark: _Ref394433510]Fig. 5.9 Variation of maximum possible output torque of NdFeB-assisted SynRM with NdFeB PM quantity.

[bookmark: _Toc396210625][bookmark: _Toc409958885]Design of Hybrid PM-assisted SynRM
The design of hybrid PM-assisted SynRM is conducted by filling both ferrite and NdFeB PMs into the barriers of SynRM. Because the barriers of SynRM are usually thicker in the middle and thinner in the ends, the ferrite is located in the middle of barriers, which is beneficial to demagnetization performance, and NdFeB PMs are located at the ends of barriers, which helps to improve the PM utilization, as shown in Fig. 5.1. 
The maximum possible output torque of hybrid PM-assisted SynRMs with different ferrite and NdFeB quantities is shown in Fig. 5.10, which shows that the maximum torque increases approximately linearly with ferrite or NdFeB quantity. The PM costs are shown in Fig. 5.11. It can be seen from Fig. 5.10 and Fig. 5.11 (a) that the NdFeB PM affects the torque more than material cost. Since NdFeB quotation fluctuates violently sometimes, the PM costs for different NdFeB quotation are also calculated, as shown in Fig. 5.11. The reasonable quantities of ferrite and NdFeB PMs depend on the relationship of ferrite and NdFeB quotations, from the view of saving material cost:
· It is reasonable to use the maximum possible quantity of ferrite instead of NdFeB, if the ratio of NdFeB quotation to ferrite is > 28:8;
· It is reasonable to use the maximum possible quantity of NdFeB instead of ferrite, if the ratio of NdFeB quotation to ferrite is < 28:8. In fact in this case, the hybrid PM-assisted SynRM becomes NdFeB-assisted SynRM.
Finally, the ferrite and NdFeB quantities of hybrid PM-assisted SynRM are determined to be 0.69kg and 0.19kg respectively to satisfy the design targets. 
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[bookmark: _Ref404171033]Fig. 5.10 The maximum possible electromagnetic torque of hybrid PM-assisted SynRM with different ferrite and NdFeB PM quantities.
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[bookmark: _Ref404171184]Fig. 5.11 PM costs of hybrid PM-assisted SynRMs with different ferrite and NdFeB PM quotations. (a) Ferrite=8£/kg, NdFeB=100£/kg, in 2013 UK market. (b) Ferrite=8£/kg, NdFeB=50£/kg. (c) Ferrite=8£/kg, NdFeB=28£/kg. (d) Ferrite=8£/kg, NdFeB=10£/kg.
[bookmark: _Toc409958886]Design Specifications
The cross sections of finally optimized SynRM, ferrite-assisted, NdFeB-assisted and hybrid PM-assisted SynRMs are shown in Fig. 5.12. The dimensions and design parameters are listed in Table 5.1. It should be mentioned that the rectangular shape of coils contribute to the high packing factor 0.64. This kind of coils is usually formed before inserting into stator. The bridge thickness is fixed 1mm to simplify the optimization. Usually, the bridge thickness should be mechanically checked.
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[bookmark: _Ref394416206]Fig. 5.12 Cross sections. (a) SynRM. (b) Ferrite-assisted SynRM. (c) NdFeB-assisted SynRM. (d) Hybrid PM-assisted SynRM.

[bookmark: _Ref393219616]Table 5.1 Dimensions and design parameters 
	
	Hybrid PM-assisted SynRM
	NdFeB-assisted SynRM
	Ferrite-assisted SynRM
	SynRM

	Limit of phase current amplitude (A)
	707

	Limit of phase voltage amplitude (V)
	26

	Number of poles
	6

	Stator outer diameter (mm)
	146

	Stator inner diameter (mm)
	104.2

	Stack length (mm)
	70

	Number of stator slots
	54

	Stator slot height (mm)
	11.99

	Slot opening width (mm)
	1

	Slot opening height (mm)
	0.5

	Stator slot width (mm)
	2.94

	Airgap length (mm)
	0.4

	Number of barriers
	2

	Width of each barrier along circumferential direction (mm)
	3.18

	Width of each barrier along radial direction (mm)
	7.36

	Width of each iron layer (mm)
	5.85

	Ferrite dimensions (mm)
	20×7.36
12×7.36
	-
	20×7.36
12×7.36
	-

	NdFeB dimensions (mm)
	9.36×3.18
	10.5×3.18
17×3.18
	-
	-

	Bridge thickness (mm)
	1.0

	Rib thickness (mm)
	1.0

	Wire dimension (mm)
	2.24×5

	Number of turns per coil
	1

	Number of coils per slot
	2

	Number of parallel branches
	2

	Number of series turns per phase
	9

	Packing factor
	0.64

	Stator phase resistance at 21℃ (Ω)
	0.0022

	Steel grade
	M270-35A

	Type of magnet (NdFeB/ferrite)
	N36Z
FB12H
	N36Z
	FB12H
	-


[bookmark: _Ref394414619][bookmark: _Toc396210626][bookmark: _Toc409958887]Electromagnetic Performance and Cost
The following electromagnetic performances are calculated with the conditions that the winding temperature=180ºC and PM temperature=150 ºC.
[bookmark: _Toc409958888]Flux Field Distribution
The no load flux field distributions of hybrid PM-assisted, NdFeB-assisted and ferrite-assisted SynRMs are shown in Fig. 5.13. PMs provide the flux through the stator, in addition to saturating the iron bridge. The iron bridges in hybrid PM-assisted SynRM are mainly saturated by flux of NdFeB PMs. The airgap flux density waveforms are shown in Fig. 5.14. The maximum flux density of ferrite-assisted SynRM is much lower than those of hybrid PM-assisted and NdFeB-assisted SynRMs due to the low magnetic energy product of ferrite.
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[bookmark: _Ref404094573]Fig. 5.13 No load flux distributions of hybrid PM-assisted, NdFeB-assisted and ferrite-assisted SynRMs.
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[bookmark: _Ref404094847]Fig. 5.14 No load airgap flux density waveforms of hybrid PM-assisted, NdFeB-assisted and ferrite-assisted SynRMs.
[bookmark: _Toc396210627][bookmark: _Ref409786817][bookmark: _Toc409958889]Electromagnetic Torque
A. Comparison between Hybrid PM-Assisted SynRM, NdFeB-Assisted SynRM, Ferrite-Assisted SynRM and SynRM
The variations of electromagnetic torque with current angle of hybrid PM-assisted, NdFeB-assisted and ferrite-assisted SynRMs, and SynRM are shown in Fig. 5.15. The torque of hybrid PM-assisted and NdFeB-assisted SynRMs are close to each other, and both are larger than that of ferrite-assisted SynRM and SynRM. The torque of SynRM is the lowest, because no PM is used.
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[bookmark: _Ref404796351]Fig. 5.15 Variations of torque with current angle.


B. Electromagnetic Torque of Hybrid PM-Assisted SynRM
The electromagnetic torque includes reluctance torque and PM torque. For hybrid PM-assisted SynRM, the PM torque can be further divided into ferrite- and NdFeB-contributed torque, as shown in (5.1). Frozen permeability method, which is described in detail in Appendix D, is utilized to calculate the reluctance and PM torque components correctly. The reluctance torque, ferrite- and NdFeB-contributed PM torque is shown in Fig. 5.16. It shows that most of the electromagnetic torque of hybrid PM-assisted SynRM comes from reluctance torque (82.3% at current angle=62º), and the values of ferrite- and NdFeB-contributed PM torque is similar (both account for 8.8% at current angle=62º).
		 
[bookmark: _Ref404093463] (5.1)
It should be mentioned that the ferrite- or NdFeB-contributed PM torque does not represent all the contribution of PM, since the PM saturates the iron bridge as well, which favors to improve the reluctance torque. The contribution to iron bridge saturation can be seen from Fig. 5.13. The PM-contributed synchronous reluctance torque is shown in Fig. 5.17. The contribution of PM to reluctance torque is comparable to PM torque. The method of calculating PM-contributed synchronous reluctance torque is as follows: Firstly, the torque for different current angles for a pure SynRM (without PMs) is calculated, without using frozen permeability method, as the solid columns in Fig. 5.17; Then, the PM-contributed reluctance torque is obtained by subtracting this torque from the reluctance torque obtained in Fig. 5.16.
The reason for the reluctance torque corresponding to current angle zero is as follows. There exists saliency in the stator by using frozen permeability [CHU13]. The axis corresponding to the smallest reluctance of stator always rotates with some angle in advance of rotor. The torque is produced by the interaction between stator and rotor modulated fields.
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[bookmark: _Ref404093920]Fig. 5.16. Reluctance torque, ferrite- and NdFeB-contributed PM torque of hybrid PM-assisted SynRM.
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[bookmark: _Ref404097612]Fig. 5.17. Reluctance torque of hybrid PM-assisted SynRM.


[bookmark: _Toc396210628][bookmark: _Toc396210629][bookmark: _Toc409958890]Back EMF
The no load phase and line back EMF of hybrid PM-assisted, NdFeB-assisted and ferrite-assisted SynRMs are shown in Fig. 5.18. The amplitude of back EMF of hybrid PM-assisted SynRM is comparable to that of NdFeB-assisted SynRM.
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[bookmark: _Ref394518809]Fig. 5.18 No load back EMF. (a) Phase back EMF. (b) Line back EMF.
[bookmark: _Ref405240055][bookmark: _Toc409958891]Torque-speed Characteristic
The proposed methodology in [QI09] is utilized for torque/power-speed characteristic calculation which can accurately consider the magnetic cross coupling. The basic calculation equations are listed in Appendix E. The maximum torque- and power-speed characteristics of SynRM, ferrite-assisted, NdFeB-assisted and hybrid PM-assisted SynRMs are shown in Fig. 5.19. The torque- and power-speed characteristics of SynRM are much poorer than those of other machines with PMs, especially in flux-weakening region. The torque- and power-speed characteristics of NdFeB-assisted and hybrid PM-assisted SynRM are both better than those of ferrite-assisted SynRM. With the same maximum torque in constant torque region, the flux-weakening performance of hybrid PM-assisted SynRM is better than that of NdFeB-assisted SynRM. The constant power region of PM electrical machine depends on the relationship between PM flux linkage ψPM and the product of d-axis inductance and maximum stator current Ld·ilim, which are shown in Fig. 5.20. Ld of hybrid PM-assisted SynRM is smaller than that of NdFeB-assisted SynRM, because the middle of barriers is thicker than that of NdFeB-assisted SynRM, which reduces the d-axis flux path reluctance. Consequently, the smaller Ld makes the difference between ψPM and Ld·imax of hybrid PM-assisted SynRM smaller than that of NdFeB-assisted SynRM, and further makes the constant power region wider. It should be mentioned that Ld·imax is larger than ψPM in this case, otherwise, the constant power region of hybrid PM-assisted SynRM may be smaller.
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[bookmark: _Ref394519038]Fig. 5.19 Torque- and power-speed characteristics. (a) Torque-speed. (b) Power-speed.
[image: ]
[bookmark: _Ref394520166]Fig. 5.20 PM flux linkages and the products of d-axis inductance and maximum stator current along the maximum torque-speed curves.

[bookmark: _Toc396210630]

[bookmark: _Toc409958892]Power Factor
The power factors along the maximum torque-speed characteristics of SynRM, ferrite-assisted, NdFeB-assisted and hybrid PM-assisted SynRMs are shown in Fig. 5.21. The power factors of SynRM are much lower than those of other electrical machines with PMs. The power factors of NdFeB-assisted and hybrid PM-assisted SynRMs are close, both are larger than that of ferrite-assisted SynRM, because the PM flux linkage of NdFeB-assisted and hybrid PM-assisted SynRMs are larger than that of ferrite-assisted SynRM, as can be seen from Fig. 5.18.
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[bookmark: _Ref396209356]Fig. 5.21 Power factor along the maximum torque-speed curve.
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[bookmark: _Toc409958893]Torque Ripple and Cogging Torque
The torque ripples corresponding to maximum output torque and cogging torque of SynRM, ferrite-assisted, NdFeB-assisted and hybrid PM-assisted SynRMs are shown in Fig. 5.22 and Fig. 5.23. The torque ripple of hybrid PM-assisted SynRM is not larger than those of other electrical machines, and the cogging torque is not larger than that of NdFeB-assisted SynRM.
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[bookmark: _Ref394521204]Fig. 5.22 Torque ripples corresponding to maximum electromagnetic torque.
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[bookmark: _Ref394521205]Fig. 5.23 Cogging torque.
[bookmark: _Toc396210632][bookmark: _Toc409958894]Demagnetization
A higher magnetic energy product and a higher knee point in the BH curve of PM are beneficial to the demagnetization performance. For NdFeB PM, both the magnetic energy product and knee point decrease as the temperature increases, as shown in Fig. B.2. Thus, the most serious demagnetization happens at a higher temperature. For ferrite PM, the magnetic energy product decreases as the temperature increases, whilst the knee point increases with temperature, Fig. B.1. Thus, the worst demagnetization situation may appear at a high or low temperature. The maximum possible stator current 707A is imposed on the minus d-axis direction, and the lowest and highest temperatures are set to be -40ºC and 150ºC respectively.
S. Demagnetization of Ferrite
The flux densities in ferrite of hybrid PM-assisted and ferrite-assisted SynRM at -40ºC and 150ºC are shown in Fig. 5.24. The knee points of BH curves of ferrite FB12H at -40ºC and 150ºC are 0.12T and -0.05T respectively. The lowest flux density is higher than the corresponding knee point. Even if the flux density in some part of ferrite is close to the knee point, the area of this part is quite small. Thus, the ferrite is safe from the irreversible demagnetization. 
In addition, the demagnetization of ferrite in the second layer of hybrid PM-assisted SynRM is more serious than that of ferrite-assisted SynRM, comparing Fig. 5.24 (a) and (b), or (c) and (d). The more serious demagnetization of ferrite in hybrid PM-assisted SynRM is due to the influence of NdFeB PMs, which cause more demagnetization flux through the second layer of barrier, as shown in Fig. 5.25.
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[bookmark: _Ref404112226]Fig. 5.24. Flux densities in PMs, id=-707A, iq=0. (a) Hybrid PM-assisted SynRM, -40ºC. (b) Ferrite-assisted SynRM, -40ºC. (c) Hybrid PM-assisted SynRM, 150ºC. (d) Ferrite-assisted SynRM, 150ºC. 
	[image: ]
	[image: ]

	(a)
	(b)


[bookmark: _Ref394574554]Fig. 5.25 Flux field distributions in the rotors of hybrid PM-assisted and ferrite-assisted SynRMs, id=-707A, iq=0, both are without ferrite, the permeability in the iron is frozen to that corresponding to Fig. 5.24 I and (d) respectively. (a) Hybrid PM-assisted SynRM. (b) Ferrite-assisted SynRM.


B. Demagnetization of NdFeB
The flux densities in NdFeB of hybrid PM-assisted and NdFeB-assisted SynRM at 150ºC are shown in Fig. 5.26. The knee points of BH curve of NdFeB N36Z at 150ºC is lower than zero. Thus, NdFeB is quite far from irreversible demagnetization. In addition, the demagnetization of NdFeB in hybrid PM-assisted SynRM is more serious than that in NdFeB-assisted SynRM. It is because the middle of barriers in hybrid PM-assisted SynRM is thicker, which tends to make more demagnetization flux through the narrower ends. 
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[bookmark: _Ref404114658]Fig. 5.26. Flux densities in PM, id=-707A, iq=0. (a) Hybrid PM-assisted SynRM, 150ºC. (b) NdFeB-assisted SynRM, 150ºC. 
[bookmark: _Ref395108638][bookmark: _Ref395544861][bookmark: _Toc396210633][bookmark: _Toc409958895]Cost
The quotation is based on the market price in 2013 in UK:
· Cost of copper: 7£/kg;
· Cost of iron lamination: 2£/kg;
· Cost of NdFeB PM: 100£/kg;
· Cost of ferrite PM: 8£/kg;
The weight and material costs of hybrid PM-assisted, NdFeB-assisted and ferrite-assisted SynRMs are listed in Table 5.2. Hybrid PM-assisted SynRM uses half of NdFeB PM of NdFeB-assisted SynRM, and the total material cost is ~20% less. The material costs of ferrite-assisted SynRM and SynRM are ~50% and ~60% less than that of NdFeB-assisted SynRM respectively.


[bookmark: _Ref385500752]Table 5.2 Material weights and costs
	
	Hybrid PM-assisted SynRM
	NdFeB-assisted SynRM
	Ferrite-assisted SynRM
	SynRM

	Copper mass (kg)
	1.61
	1.61
	1.61
	1.61

	Iron mass (kg)
	6.06
	6.06
	6.06
	6.06

	NdFeB mass (kg)
	0.187
	0.38
	-
	-

	Ferrite mass (kg)
	0.69
	-
	0.69
	-

	Total mass (kg)
	8.56
	8.05
	8.36
	7.67

	Copper cost (£)
	11.2
	11.2
	11.2
	11.2

	Iron (£)
	12.1
	12.1
	12.1
	12.1

	NdFeB (£)
	18.7
	38.0
	-
	-

	Ferrite (£)
	5.57
	-
	5.57
	-

	Total (£)
	47.7
	61.4
	29.0
	23.3


[bookmark: _Toc396210635][bookmark: _Toc409958896]Conclusion
A new type of hybrid PM-assisted SynRM, which utilizes both ferrite and NdFeB PMs, is proposed in this chapter. Portion of NdFeB in NdFeB-assisted SynRM is substituted by ferrite without sacrificing the output torque capability. In the proposed design in this chapter, half of NdFeB is replaced by four times weight of ferrite, and hybrid PM-assisted SynRM can achieve competitive electromagnetic performance, in terms of torque capability, torque/power-speed characteristic, power factor, torque ripple and cogging torque. The total material cost of hybrid PM-assisted SynRM is ~20% less than NdFeB-assisted SynRM. Although it has complicated rotor structure, it is a good candidate for no-or-less PM electrical machine for EV application.



[bookmark: _Toc409958897]Comparison of Electromagnetic Performance and Cost between Different Types of Electrical Machines for Electric Vehicle Application
[bookmark: _Toc409958898]Introduction
IPM and IM are two types of machines used most widely in EV/HEV propulsion systems.  Many comparisons have been done between them for EV/HEV applications [PEL12] [HAS08] [BUC08] [DOR12] [SOO94].  IPM is nalysede due to its high torque and power density and high efficiency, because of the usage of NdFeB PM. In addition, wide constant power region can be achieved [SOO94]. However, the high price of NdFeB PM strongly influences the popularity of IPM [XUE11]. The uncontrolled generator voltage is another issue for IPM, which may cause the fault of inverter [JAH99].
IM is favourable because of its simplicity, robustness and mature manufacturing technology and control method. Further, IM is cheaper than PM machine, which makes it popular in the EV/HEV market. However, because the magnetic field of IM is established by the magnetizing component of stator current, the power factor is not as high as IPM, which leads to lower power density and high power rating of the inverter. Further, the constant power region of IM is not as wide as IPM, although usually up to 4:1 constant power region can be realized [HUM69] [BOG92]. The overall efficiency of IM is usually lower than IPM, except in the high speed region, which is due to no need of large stator current to counteract PM magnetic field. 
As mentioned in Chapter 6, SynRM is not a type of traction machine used as widely as IM and IPM in EV/HEV market. The material cost of SynRM is the lowest. However, it has complicated rotor structure and poorer performance, in terms of torque density, power factor, constant power region and efficiency, compared with IPM. These electromagnetic performances can be enhanced by adding ferrite PM or a small quantity of NdFeB PM, i.e. PMA-SynRM. In addition, the no load voltage is lower than IPM, which may eliminate the requirement for fault voltage protection. Torque ripple is a design factor which should be considered seriously for SynRM or PMA-SynRM. There are extensive researches in literature for torque ripple improvement, and it can be reduced to quite a low level by appropriate design. SynRM and PMA-SynRM have gained more and more attention in EV/HEV market recently due to the above features [OBA14] [MAL01] [CAZ14].
This chapter aims to quantitatively compare different types of electrical machines, including IM, SynRM, ferrite-assisted, NdFeB-assisted and hybrid PM-assisted SynRMs and IPM, mainly in terms of electromagnetic performance and material cost. For IPM, Toyota Prius 2010 IPM is adopted directly for comparison, thus, there is no need of optimization. The specifications of Prius 2010 IPM are in [OLS11]. For a fair comparison, other electrical machines are designed with the same stator outer diameter and stack length as Prius 2010 IPM, as well as the same voltage and current ratings. Firstly, IM is optimized and compared with IPM. Then, SynRM, ferrite-assisted, NdFeB-assisted and hybrid PM-assisted SynRMs are optimized and compared with IPM. Finally, the comparison results between IM and hybrid PM-assisted SynRM are provided and discussed. 
[bookmark: _Ref396121235][bookmark: _Toc396210638][bookmark: _Toc409958899]Comparison between IM and IPM
[bookmark: _Ref395884960][bookmark: _Toc396210639][bookmark: _Toc409958900]Design of IM 
The calculation of IM is carried out using analytical method developed in Chapter 2. The optimization of maximum torque-speed characteristic with the same copper loss and driven by the same inverter as Prius 2010 IPM is determined as the design target, since it is an important design criterion for traction electrical machine for EV/HEV applications. It is more likely that the maximum output torque in constant torque region and the flux-weakening performance cannot be maximized at the same time. Thus, the optimal torque-speed characteristic of IM has to be determined by a compromise. The maximization of output torque in constant torque region is chosen as the major optimization target in this chapter, and meanwhile the flux-weakening performance should not be decreased so obviously.
S. [bookmark: _Toc396210640]Determination of Major Design Parameters
Some of the major design parameters of IM are determined as follows: (1) Stator outer diameter and stack length are 264mm and 50.5mm respectively (same as Prius 2010); (2) The pole number is 8 (same as Prius 2010); (3) The stator and rotor slot number combination Q1/Q2 is 48/44; (4) The airgap length g is 0.73mm (same as Prius 2010); (5) The stator copper loss PCu1 is kept about the same as Prius 2010; (6) The rotor squirrel cage material is copper, and the rotor copper loss is fixed around 1.9kW at 150℃; (7) Packing factor kpac is 0.465 (same as Prius 2010). The other dimension parameters to be optimized are stator inner diameter Di, stator and rotor tooth width bt1 and bt2, stator and rotor slot height hs and hr, as shown in Fig. 6.1. In addition, the number of stator series turns per phase Wφ needs to be determined.


[bookmark: _Ref380662188]Fig. 6.1 Cross section and parameters to be optimized of IM.
[bookmark: _Toc396210641]B. Number of Series Turns, Stator Inner Diameter and Slot Dimension
In fact, the slot area can be fixed, if PCu1, Wφ, kpac and the stator current Is, which is decided by the inverter, are determined. The stator total copper loss is (6.1) and the area per stator slot is given by (6.3). 
		 
[bookmark: _Ref381348286] (6.1)
		 
 (6.2)
		 
[bookmark: _Ref394753154] (6.3)
where J is the stator current density, ρCu is the copper resistivity, Lhalf_turn is the half turn length of stator coil, m1 is the phase number.
The stator slot height can be easily obtained with the stator slot area and slot width. It is the same case for rotor slot. It means that the optimization parameter number can be reduced by two. Further, it is assumed that the flux flowing through stator and rotor per pole are the same. Thus, it is reasonable to make bt1/t1 equals bt2/t2 to make the total stator and rotor tooth width per pole similar. Here, t1 and t2 are the stator and rotor slot pitch. Finally, the parameters to be optimized are Wφ, Di and bt1/t1.
Wφ, Di and bt1/t1 are optimized simultaneously and the optimal combination of Di and bt1/t1 for each number of series turns is determined by comparing the calculated maximum electromagnetic torque, which is shown in Table 6.1. The number of series turns per phase, which is a key parameter affecting flux-weakening performance besides torque density with limited phase current and voltage, can be determined by comparing the torque/power-speed characteristics. The torque- and power-speed characteristics of Ims with different number of series turns per phase are shown in Fig. 6.2. It can be seen that, the flux-weakening performance of Ims enhances as the number of series turns decreases, although the maximum output torque may decrease. Finally, 72-turn is determined as the “optimal” number of series turns per phase, because the maximum output torque of 72-turn IM can satisfy the requirement of Prius 2010, as can be seen in the following section.
[bookmark: _Ref380743547]Table 6.1 Maximum electromagnetic torque variation with different Di and bt1/t1 combinations for different number of series turns per phase
	Wφ
	bt1/t1
	Di (mm)

	
	
	185
	190
	195

	88
	0.3
	218.09
	193.27
	150.08

	
	0.32
	228.27
	208.60
	170.02

	
	0.34
	234.24
	220.02
	187.62

	
	0.36
	238.25
	228.00
	203.33

	
	0.38
	240.72
	236.57
	216.32

	
	0.4
	241.98
	241.22
	225.96

	
	0.42
	241.67
	244.07
	232.34

	
	0.44
	240.44
	245.22
	239.80

	
	0.46
	237.06
	245.70
	242.64

	
	0.48
	234.02
	241.02
	240.57

	
	0.5
	229.19
	236.93
	239.11

	80
	bt1/t1
	Di (mm)

	
	
	185
	190
	195

	
	0.3
	233.57
	223.25
	198.05

	
	0.32
	234.12
	229.81
	210.18

	
	0.34
	235.68
	234.45
	220.93

	
	0.36
	235.93
	239.84
	228.68

	
	0.38
	235.30
	241.66
	233.67

	
	0.4
	234.25
	242.23
	237.89

	
	0.42
	233.51
	240.39
	239.94

	
	0.44
	230.98
	238.27
	239.94

	
	0.46
	226.86
	234.81
	238.34

	
	0.48
	221.83
	230.01
	235.25

	
	0.5
	216.15
	224.31
	230.58

	72
	bt1/t1
	Di (mm)

	
	
	190
	195
	200

	
	0.3
	188.01
	218.16
	193.50

	
	0.32
	200.53
	224.79
	203.23

	
	0.34
	211.76
	228.88
	211.38

	
	0.36
	220.09
	232.28
	220.65

	
	0.38
	225.22
	233.95
	226.45

	
	0.4
	228.72
	233.79
	228.94

	
	0.42
	230.90
	232.00
	229.70

	
	0.44
	231.81
	229.00
	228.96

	
	0.46
	231.73
	225.13
	227.06

	
	0.48
	232.45
	219.14
	223.94

	
	0.5
	230.76
	213.93
	218.34

	64
	bt1/t1
	Di (mm)

	
	
	190
	195
	200

	
	0.2
	201.97
	182.65
	157.56

	
	0.22
	209.33
	192.73
	169.84

	
	0.24
	214.09
	201.07
	180.55

	
	0.26
	216.99
	207.70
	189.81

	
	0.28
	218.49
	213.64
	197.78

	
	0.3
	218.96
	217.27
	204.49

	
	0.32
	218.70
	220.84
	210.60

	
	0.34
	219.63
	222.06
	216.13

	
	0.36
	216.92
	221.74
	218.90

	
	0.38
	214.57
	218.81
	219.60

	
	0.4
	211.32
	216.56
	218.82

	56
	bt1/t1
	Di (mm)

	
	
	190
	195
	200

	
	0.2
	194.72
	186.28
	171.05

	
	0.22
	197.42
	191.40
	178.59

	
	0.24
	198.99
	195.07
	184.72

	
	0.26
	199.82
	197.50
	189.84

	
	0.28
	199.71
	200.86
	194.78

	
	0.3
	200.77
	203.09
	198.61

	
	0.32
	199.73
	203.42
	200.99

	
	0.34
	197.83
	202.29
	201.97

	
	0.36
	195.22
	200.51
	201.78

	
	0.38
	192.23
	198.00
	200.34

	
	0.4
	188.79
	194.80
	198.25

	48
	bt1/t1
	Di (mm)

	
	
	190
	195
	200

	
	0.2
	167.59
	163.48
	154.60

	
	0.22
	168.51
	166.24
	159.26

	
	0.24
	169.40
	168.22
	163.08

	
	0.26
	169.41
	170.77
	166.70

	
	0.28
	170.56
	172.24
	169.45

	
	0.3
	170.13
	173.05
	171.23

	
	0.32
	168.84
	172.76
	172.17

	
	0.34
	166.81
	171.56
	172.27

	
	0.36
	164.52
	169.54
	171.81

	
	0.38
	161.73
	167.14
	170.50

	
	0.4
	158.85
	164.02
	168.56
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[bookmark: _Ref380744483]Fig. 6.2 Torque- and power-speed characteristics of Ims with different numbers of series turns per phase. (a) Torque-speed. (b) Power-speed.
[bookmark: _Toc396210642]C. Design Specification
The cross sections of optimized IM and Prius 2010 IPM are shown in Fig. 6.3. The design specifications are listed in Table 6.2. During the calculation, the temperature of stator winding, rotor squirrel cage and PM is set to be 150℃. 
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[bookmark: _Ref380750351]Fig. 6.3 Cross sections of IM and Prius 2010 IPM.
[bookmark: _Ref380757746]Table 6.2 Design specifications of Prius 2010 IPM and IM
	
	Prius 2010
	IM

	Limit of phase voltage amplitude  (V)
	650×2/π×85%
	650×2/π×85%

	Limit of phase current amplitude (A)
	225
	225

	Stator outer diameter D1 (mm)
	264
	264

	Stator inner diameter Di (mm)
	161.9
	195

	Stack length (mm)
	50.5
	50.5

	Number of stator slots
	48
	48

	Stator slot height hs (mm)
	30.9
	17.79

	Stator slot opening width b01 (mm)
	1.88
	1.88

	Stator tooth width bt1 (mm)
	7.55
	7.74

	Airgap length (mm)
	0.73
	0.73

	Magnet dimensions (mm)
	49.3×17.88×7.16
	-

	Number of rotor slots
	-
	44

	Rotor slot height hr (mm)
	-
	20.22

	Rotor slot opening b02 (mm)
	-
	1

	Rotor tooth width bt2 (mm)
	-
	8.2

	Number of coils per slot
	1
	1

	Number of turns per coil
	11
	9

	Number of parallel branches
	1
	1

	Number of series turns per phase
	88
	72

	Packing factor
	0.465
	0.465

	Squirrel cage material
	-
	Copper/
aluminium

	Stator phase resistance at 21℃ (Ω)
	0.077
	0.077

	Iron grade
	W270-35A
	W270-35A

	Type of magnet
	N36Z
	-


[bookmark: _Toc396210643]


[bookmark: _Toc409958901]Comparison of Performance and Cost 
The following electromagnetic performances are calculated with the conditions that the stator winding, squirrel cage and PM temperature is set to be150 ºC.
[bookmark: _Ref395885975][bookmark: _Toc396210644]Torque Capability
The maximum electromagnetic torque capabilities for different stator current amplitudes of IM and Prius 2010 IPM are shown in Fig. 6.4. It can be seen that the torque capability of IM increases faster with electric load than IPM, the torque capability of IPM is much better than IM under low electric load operations, while as the electric load increases, the torque capability of IM may be better than IPM. The reason for that is explained as follows:
The electromagnetic torque of IPM includes both PM and reluctance torque. PM torque depends on 𝜓PM and is proportional to the stator current; Reluctance torque depends on (Lq-Ld) and is proportional to the square of stator current, (A.5). The electromagnetic torque of IM depends only on Lm2/Lr and is proportional to the square of stator current, (6.4). Under low electric load, the effect of PM in IPM is predominant, i.e. PM torque is predominant. Thus, the output torque of IPM is larger than IM. Under high electric load, the torque components proportional to the square of stator current become predominant. In addition, Lm2/Lr of IM is larger than (Lq-Ld) of IPM, Fig. 6.5. Thus, the torque of IM may be larger than that of IPM.
In order to validate FEA, the FEA result of IPM is compared with test result, which can be found in [OLS11], and the analytically calculated result of IM is compared with FEA result.
		 
 (A.5)
		 
[bookmark: _Ref376785155] (6.4)
The method of obtaining maximum electromagnetic torque of IM using FEA for specific current amplitude is as follows. Three-phase current source with fixed amplitude and frequency is imposed on the stator side. Then, transient FEA is carried out for different slip ratios to obtain different torque values. The maximum electromagnetic torque can be obtained from them by comparison.
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[bookmark: _Ref381185712]Fig. 6.4 Variation of maximum electromagnetic torque with current amplitude.
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[bookmark: _Ref395098377]Fig. 6.5 Variations of inductance corresponding to maximum electromagnetic torque with current amplitudes
[bookmark: _Toc396210645]Torque/Power-Speed Characteristic
The proposed methodology in [QI09] is utilized for torque/power-speed characteristic calculation of IPM. The maximum and rated torque- and power-speed characteristics of IM and Prius 2010 IPM are shown in Fig. 6.6. It is assumed that the maximum converter current is 225A and the rated converter current is half of the maximum value. For the maximum torque/power-speed characteristic, although the torque in constant torque region of IM is competitive to IPM, the flux-weakening performance is always poorer, because the constant power region of IM is always narrower than IPM. For the rated torque/power-speed characteristic, the performance of IM is poorer than that of IPM in both constant torque region (~18% lower) and flux weakening region. In addition, Ims with copper and aluminium squirrel cage materials are compared and they have similar torque- and power-speed characteristics.
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[bookmark: _Ref381102458]Fig. 6.6 Torque- and power-speed characteristics. (a) Torque-speed, maximum converter current. (a) Power-speed, maximum converter current. (c) Torque-speed, rated converter current. (d) Power-speed, rated converter current.

[bookmark: _Ref395889110][bookmark: _Toc396210646]Power Factor
The power factors of IM and Prius 2010 IPM along torque-speed characteristics for maximum and rated converter current are shown in Fig. 6.7. The power factor of IM is competitive and even larger than IPM under high electric load in low speed region. The reason is explained as follows. The power factor of IM increases as the ratio of leakage to mutual inductance Lσ/Lm decreases, according to the investigation in section 3.2.2; the power factor of IPM increases with the decrease of ratio of q-axis to d-axis inductance Lq/Ld, if the effect of PM is quite small [SOO94]. Under high electric load, the PM effect is less predominant. Consequently, the power factor of IM may be better than that IPM, because Lσ/Lm is much smaller than Lq/Ld, as shown in Fig. 6.8. Under low electric load, the PM effect is increased, and thus, the power factor of IPM is improved.
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[bookmark: _Ref387151791]Fig. 6.7 Power factor along the torque-speed characteristics. (a) Maximum converter current. (b) Rated converter current.
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[bookmark: _Ref404286453]Fig. 6.8 Ratio of leakage to mutual inductances of IM and ratio of q-axis to d-axis inductances of IPM along the torque-speed characteristics for maximum converter current.
[bookmark: _Ref395889271][bookmark: _Toc396210647]

Torque Ripple
The torque ripples of maximum output torque of IM and Prius 2010 IPM for different stator current amplitudes are shown in Fig. 6.9. The comparison of peak to peak torque ripple of IM and IPM is shown in Fig. 6.10. It can be seen that the torque ripple of IM is larger than IPM, under high electric load. Under low electric load, the torque ripple of IM becomes lower than IPM. It is mainly because that as the electric load of IPM deceases, the torque ripple produced by PM becomes more and more prominent. In addition, the frequency of torque ripple of IM is higher than IPM.
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[bookmark: _Ref381209224]Fig. 6.9 Torque ripples for different current amplitude. (a) IM. (b) Prius 2010 IPM.
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[bookmark: _Ref381209428]Fig. 6.10 Peak to peak torque ripples for different stator current amplitudes.
[bookmark: _Toc396210648]Efficiency Map
The loss calculation method of IM has been introduced in Chapter 2. The mechanical loss of IM is referenced to Prius 2010 IPM, as shown in Appendix F. The calculated efficiency maps of Ims with copper and aluminium squirrel cages and tested efficiency map of Prius 2010 IPM are shown in Fig. 6.11. The overall efficiency of IM is lower than IPM. The maximum efficiency of IM with copper squirrel cage is 2~3% lower than that of IPM. The maximum efficiency of aluminium squirrel cage IM is further 1% lower than IM with copper squirrel cage.
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(c)
[bookmark: _Ref381281213]Fig. 6.11 Efficiency maps. (a) IM, Cu-cage. (b) IM, Al-cage. (c) Prius 2010 IPM [OLS11].
[bookmark: _Toc396210649]

Cost
The material costs of IM and Prius 2010 IPM are compared in this section. The quotation is based on the market price in 2013 in UK, as listed in section 5.6.8. The weight and material cost of IM and Prius 2010 IPM are listed in Table 6.3. The total weight of IM and IPM is similar, because the IM is designed with the same stator outer diameter and stack length as Prius 2010 IPM. However, the cost of IM is much lower than IPM, almost half of IPM’s price. The price of IPM is much susceptible to the fluctuation of NdFeB PM quotation.
[bookmark: _Ref381288593]Table 6.3 Material costs of IM and Prius 2010 IPM
	
	IM
	Prius 2010

	Stator copper mass (kg)
	3.36
	4.93

	Iron mass (kg)
	15.0
	15.04

	Rotor copper/PM mass (kg)
	3.92
	0.775

	Total mass (kg)
	22.2
	20.75

	Stator copper (£)
	23.5
	34.51

	Iron (£)
	29.9
	30.08

	Rotor copper/PM (£)
	27.5
	77.56

	Total (£)
	80.9
	142.1


[bookmark: _Toc396210650]


[bookmark: _Toc409958902]Comparison between SynRM, Ferrite-Assisted SynRM, NdFeB-Assisted SynRM, Hybrid PM-Assisted SynRM and IPM
Some of the major design parameters are determined as follows: (1) Stator outer diameter and stack length is 264mm and 50.5mm respectively (same as Prius 2010); (2) The pole number is 8 (same as Prius 2010); (3) The stator slot number Q1 is 48 (same as Prius 2010); (4) The airgap length g is 0.73mm (same as Prius 2010); (5) The stator copper loss PCu1 is fixed around 1.9kW at 150℃, about the same as Prius 2010; (6) Packing factor kpac is 0.465 (same as Prius 2010). The design principle and strategy of SynRM and PMA-SynRM have been presented in Chapter 5. FEA is adopted for calculation. The design target is to maximize the maximum torque-speed characteristic with the same copper loss and the same inverter current and voltage rating as Prius 2010 IPM, the same as that in section 6.2. 
[bookmark: _Toc396210651][bookmark: _Toc409958903]Design of SynRM
S. Number of Barriers
The number of barriers of SynRM is determined firstly in this section. With the stator the same as Prius 2010 IPM, SynRM rotors with 1-, 2-, 3- and 4-layers of barriers are optimized. The optimization method is the same as that in section 5.2. The cross sections of optimized SynRMs are shown in Fig. 6.12, and the corresponding maximum torque and torque ripples are shown in Fig. 6.13. Finally, three is determined as the number of layers, because the maximum electromagnetic torque does not increase obviously if the number of layers is larger than two and the three-layer SynRM has the smallest torque ripple. 
It should be mentioned that the optimal number of barriers in this section (3-layers) is not the same as that in section 5.2.2 (2-layers), from the view of torque ripple. The torque ripple has a close relationship with the combination of stator slot number and rotor barrier number [VAG98]. The number of stator slots per pole per phase q1 in section 5.2.2 and this section are 3 and 2 respectively. For torque ripple, it seems that:
· If q1=3, 2-layer is better than 1-layer, 4-layer is better than 3-layer;
· If q1=2, 1-layer is better than 2-layer, 3-layer is better than 4-layer.

	[image: ]
	[image: ]

	(a)
	(b)

	[image: ]
	[image: ]

	[bookmark: _GoBack](c)
	(d)


[bookmark: _Ref395112228]Fig. 6.12 Cross sections of optimized SynRMs. (a) Single-layer. (b) Two-layer. (c) Three-layer. (d) Four-layer.
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[bookmark: _Ref395112467]Fig. 6.13 Maximum output torque and corresponding peak-to-peak torque ripples of SynRMs with different numbers of layers.
B. Number of Turns
Then the widths of barrier layer hb1’ and hb1, width of iron layer hi1’, stator inner diameter Di and tooth width bt1 are optimized for 3-layer SynRM with different number of series turns per phase Wφ using GA. The torque- and power-speed characteristics of SynRMs with different number of layers of barriers are shown in Fig. 6.14, which shows that the torque in constant torque region increases with the turn number, while the flux weakening performance decreases with the turn number. Finally, 72 is determined as the number of turns of SynRM, since the torque will not increase obviously as the turn number continues to increase.
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(b)
[bookmark: _Ref395194152]Fig. 6.14 Torque- and power-speed characteristics of SynRMs with different numbers of series turns per phase. (a) Torque-speed. (b) Power-speed.
[bookmark: _Toc396210652][bookmark: _Toc409958904]Design of Ferrite-Assisted SynRM
The design of ferrite-assisted SynRM is conducted based on optimized SynRM by inserting ferrite PM into the barriers. The torque- and power-speed characteristics of ferrite-assisted SynRMs with different number of turns are shown in Fig. 6.15. Finally, the number of series turns per phase is determined as 80, because its maximum output torque in constant torque region is almost the largest. 
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[bookmark: _Ref395210213]Fig. 6.15 Torque- and power-speed characteristics of ferrite-assisted SynRMs with different numbers of series turns per phase. (a) Torque-speed. (b) Power-speed.
[bookmark: _Toc396210653][bookmark: _Toc409958905]Design of NdFeB-Assisted SynRM
S. PM Thickness
The thickness of NdFeB PM in NdFeB-assisted SynRM should be designed carefully, in order to improve the utilization rate of PM and avoid demagnetization as well. Usually, the most proper thickness of NdFeB designed from the view of PM utilization is easily subject to demagnetization [GUG13]. Thus, the thickness of NdFeB can be just determined from the view of demagnetization. The maximum stator current 225A is imposed on minus d-axis direction and the temperature is set to be 150ºC to check the demagnetization of NdFeB PMs. In order to fairly compare with Prius 2010 IPM, the demagnetization situation of NdFeB PMs in NdFeB-assisted SynRM should be close to Prius 2010 IPM, whose demagnetization situation is shown in Fig. 6.16. There is a small area of PM with flux density lower than 0.3T, which is as the criterion of determining PM thickness. The demagnetization situations of PMs in NdFeB-assisted SynRM with different number of series turns and thickness of PM are shown in Table 6.4. The demagnetization performance of PMs becomes better as the number of series turns decreases and as the thickness of PM increases. Finally, the thickness of PM in NdFeB-assisted SynRMs with 72, 80 and 88 turns is determined to be 2.0, 2.4 and 3.0mm respectively.
[image: ][image: ]
[bookmark: _Ref395205285]Fig. 6.16 Flux density of PM in Prius 2010 IPM, id=-225A, iq=0, temperature=150ºC

[bookmark: _Ref395206398]Table 6.4 Flux densities of PMs in NdFeB-assisted SynRM, id=-225A, iq=0, temperature=150ºC
	PM thickness
	Number of series turns per phase
	

	
	72-turn
	80-turn
	88-turn
	

	2.0mm
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	2.4mm
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	2.8mm
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	3.0mm
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B. Number of Turns
The torque-speed characteristics of NdFeB-assisted SynRMs with different quantity of PM and number of series turns per phase are shown in Fig. 6.17. It can be seen that the torque-speed characteristic of NeFeB-assisted SynRM enhances with the increase of PM quantity. Finally, the number of series turns and PM quantity is determined to be 80 and 0.54kg respectively, because the target torque-speed characteristic can be achieved by the least quantity of NdFeB PM.

[bookmark: _Ref395207978]Fig. 6.17 Torque-speed characteristics of NdFeB-assisted SynRM with different PM quantities and numbers of series turns per phase. Solid lines are for NdFeB-assisted SynRMs and dashed lines are for Prius 2010 IPM.
[bookmark: _Ref395884988][bookmark: _Toc396210654][bookmark: _Toc409958906]Design of Hybrid PM-Assisted SynRM
S. [bookmark: _Toc396210655]Number of Turns and PM Quantity
Ferrite PM is filled fully into the wider parts of barriers (radial parts) and NdFeB PM is inserted into the narrower parts (circumferential parts). The torque-speed characteristics of hybrid PM-assisted SynRMs with different number of turns and NdFeB PM quantities are shown in Fig. 6.18. The torque or power-speed characteristic improves with NdFeB quantity. Finally, the number of series turns per phase and NdFeB PM quantity are determined to be 80 and 0.24kg respectively, since it has the smallest quantity of NdFeB and the torque-speed characteristic is not poorer than that of Prius 2010 IPM.

[bookmark: _Ref404292652]Fig. 6.18 Torque- and power-speed characteristics of hybrid PM-assisted SynRMs with different numbers of series turns per phase and NdFeB PM quantities. The solid lines are for hybrid PM-assisted SynRMs. The dashed lines are for Prius 2010 IPM.
[bookmark: _Toc396210656]C. Location of NdFeB PMs
There are three layers of barriers in the rotor of SynRM, and the NdFeB PM can be located in different positions in the barriers. The influence of location of NdFeB PM on the electromagnetic performance, in terms of maximum output torque, torque ripple and iron loss, is investigated in this section. Three hybrid PM-assisted SynRMs with different arrangements of NdFeB PM are investigated, as shown in Fig. 6.19. Design A, B and C have all, two-thirds and one-third of NdFeB in barrier 3 respectively. The total quantity of NdFeB PM is fixed to be 0.24kg. The variations of electromagnetic torque with current angle are shown in Fig. 6.20, which shows that the location of NdFeB has little influence on torque capability if the total quantity of PM is fixed. 
The torque ripples corresponding to maximum output torque of hybrid PM-assisted SynRMs with different NdFeB location and stator current amplitude are shown in Fig. 6.21. The influence of distribution of NdFeB PM on torque ripple and iron loss is shown in Fig. 6.22. It can be seen that the torque ripple is quite sensitive to the NdFeB PM locations. Locating less NdFeB in layer 2 favours to reduce the torque ripple (10~20% in layer 2 is the best in this case). There also exists an optimal location of NdFeB in terms of reducing no load iron loss (40~50% of total NdFeB in layer 2 is the best in this case). Finally, the ratio of NdFeB PM quantity in layer 2 to total is determined to be 0.12, since torque ripple is major design consideration for PMA-SynRM and no load iron loss is small.
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[bookmark: _Ref395279423][bookmark: _Ref392516085]Fig. 6.19 Cross sections of hybrid PM-assisted SynRM rotors with different arrangements of NdFeB PMs. (a) Design A: all NdFeB is in layer 3. (b) Design B: 2/3 of NdFeB is in layer 3. (c) Design C: 1/3 of NdFeB is in layer 3.
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[bookmark: _Ref395279643]Fig. 6.20 Variations of electromagnetic torque with current angle of hybrid PM-assisted SynRMs with different stator current amplitudes.
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[bookmark: _Ref395279800]Fig. 6.21 Torque ripples corresponding to maximum electromagnetic torque of hybrid PM-assisted SynRMs with different stator current amplitudes.
[image: ]
[bookmark: _Ref395281615]Fig. 6.22 Variations of peak to peak torque ripple and no-load iron loss with the NdFeB PM quantity in layer 2, the total NdFeB mass is 0.24kg.
[bookmark: _Toc396210657][bookmark: _Toc409958907]

Design Specification
The cross sections of optimized SynRM, ferrite-assisted, NdFeB-assisted and hybrid PM-assisted SynRMs and Prius 2010 IPM are shown in Fig. 6.23, and the corresponding design specifications are listed in Table 6.2. It should be mentioned that there is only a bit of NdFeB PMs in layer 2 of hybrid PM-assisted SynRM, which is to optimize the torque ripple, as can be seen from section 6.3.4 C. However, it may be better to put all the NdFeB PMs in layer 3 to ease the manufacturing.
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[bookmark: _Ref383768217]Fig. 6.23 Cross sections of optimized electrical machines. (a) SynRM. (b) Ferrite-assisted SynRM. (c) NdFeB-assisted SynRM. (d) Hybrid PM-assisted SynRM. (e) Prius 2010 IPM.
Table 6.5 Design specifications of SynRM, PMA-SynRM and Prius 2010 IPM 
	
	SynRM
	Ferrite-assisted SynRM
	NdFeB-assisted SynRM
	Hybrid PM-assisted SynRM
	Prius 2010 IPM

	ulim (V)
	650×2/π×85%

	ilim (A)
	225

	D1 (mm)
	264

	Di (mm)
	190.2
	185.5
	185.5
	185.5
	161.9

	L (mm)
	50.5

	Q1
	48

	hs (mm)
	18.2
	21.4
	21.4
	21.4
	30.9

	b01 (mm)
	1.88

	bt1 (mm)
	7.67
	7.39
	7.39
	7.39
	7.55

	g (mm)
	0.73

	Number of barriers
	3
	3
	3
	3
	1

	hb1’ (mm)
	3.24
	2.90
	2.90
	2.90
	-

	hb1 (mm)
	6.31
	6.26
	6.26
	6.26
	-

	hi2 (mm)
	6.04
	5.27
	5.27
	5.27
	-

	Ferrite dimensions (mm)
	-
	26×6.26
34×6.26
42×6.26
	-
	26×6.26
34×6.26
42×6.26
	-

	NdFeB dimensions (mm)
	
	
	23×2.6
	2.05×2.9
11.6×2.9
	17.88×7.16

	Bridge dimension (mm)
	3.24×1
	2.9×1
	2.9×1
	2.9×1
	~4.3×2.1

	Rib dimension (mm)
	-
	-
	2.6×1
	2.9×1
	~5.3×1.8

	Number of turns per coil
	9
	10
	10
	10
	11

	a1
	1
	1
	1
	1
	1

	Wφ
	72
	80
	80
	80
	88

	Packing factor
	0.465

	Rs at 21℃ (Ω)
	0.077
	0.077
	0.077
	0.077
	0.077

	Iron grade
	M270-35A

	Type of magnet
	-
	FB12H
	N36Z
	FB12H
N36Z
	N36Z


[bookmark: _Toc396210658][bookmark: _Toc409958908]Comparison of Performance and Cost
[bookmark: _Toc396210659]The following electromagnetic performances are calculated with the conditions that the winding and PM temperature is set to be150 ºC.
Torque Capability
The variation of maximum output torque with stator current is shown in Fig. 6.24. 
S. Comparison between SynRM and Electrical Machines with PMs
The maximum output torque capability of SynRM is much lower than those of PMA-SynRMs and IPM, because SynRM utilizes only reluctance torque.
B. Comparison between PMA-SynRM and IPM
The increase of maximum output torque capability of PMA-SynRMs with current is faster than that of IPM. The reason can be explained as follows: The electromagnetic torque of PM machines includes both PM and reluctance torque. The PM torque is proportional to the stator current, while the reluctance torque is proportional to the square of stator current, (6.4). Because the reluctance torque of PMA-SynRM accounts for a larger part of total torque than IPM, the electromagnetic torque of PMA-SynRM increases faster than IPM. Thus, although the torque capability of PMA-SynRM is lower than IPM under low electric load, it is close to and even higher than IPM under high electric load.
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[bookmark: _Ref385425936]Fig. 6.24 Variations of maximum output torque with stator current amplitude
[bookmark: _Toc396210660]Torque/Power-Speed Characteristic
The maximum and rated torque- and power-speed characteristics are shown in Fig. 6.25. It is assumed that the maximum converter current is 225A and the rated converter current is half of the maximum value. The flux-weakening performances of SynRM, PMA-SynRM and IPM depend on the saliency ratio and PM effect.
S. Comparison between SynRM and Other Electrical Machines with PMs
The torque-speed characteristic of SynRM is poorer than PMA-SynRM and IPM in both constant torque (~25% lower) and flux-weakening regions, because no PM is adopted.
B. Comparison between Ferrite-assisted SynRM and Other Electrical Machines with PMs
The torque in constant torque region of ferrite-assisted SynRM is a bit lower than other machines. However, the flux-weakening performance decreases faster than other machines. It is because that the PM flux linkage of ferrite-assisted SynRM is much smaller than those of other machines due to the low magnetic energy product of ferrite. 
C. Comparison between NdFeB-Assisted SynRM, Hybrid PM-Assisted SynRM and IPM
For flux-weakening performance, hybrid PM-assisted SynRM > NdFeB-assisted SynRM > IPM, with the torque in constant torque region similar. It is because for the d-axis inductance, hybrid PM-assisted SynRM < NdFeB-assisted SynRM < IPM, which has been explained in section 5.6.4.
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[bookmark: _Ref385430669]Fig. 6.25 Torque- and power-speed characteristics (a) Torque-speed, maximum converter current. (b) Power-speed, maximum converter current. (c) Torque-speed, rated converter current. (d) Power-speed, rated converter current.
[bookmark: _Ref395542152][bookmark: _Toc396210661]Power Factor
The power factor of SynRM, PMA-SynRM and IPM depends on both the PM contribution and saliency ratio [SOO94]. Usually, more PM amount and higher saliency ratio contributes to higher power factor. The effect of PM is more obvious under low electric load, while the effect of saliency ratio is more obvious under high electric load, because PM and reluctance torque components are proportional to stator current and square of stator current, respectively. As a result, PM effect is more decisive under low electric load and reluctance effect is more decisive under high electric load. The power factor along torque-speed characteristic for maximum converter current and rated converter current is shown in Fig. 6.26. 
S. Comparison between SynRM and Other Electrical Machines with PMs
The power factor of SynRM is the lowest because no PM is utilized. The power factor of SynRM at rated operation point is similar to that IPM under high electric load in this case. It is because the PM effect is not so large and the reluctance effect of IPM is smaller than that of SynRM. As the electric load decreases, the effect of PM becomes more obvious, and thus, the power factor of IPM is larger than that of SynRM Fig. 6.26 (b). 
B. Comparison among Electrical Machines with PMs
[bookmark: OLE_LINK45][bookmark: OLE_LINK49][bookmark: OLE_LINK50]For power factors of electrical machines in low speed region under high electric load, hybrid PM-assisted SynRM > ferrite-assisted SynRM > NdFeB-assisted SynRM > IPM. It is because for the saliency ratio, hybrid PM-assisted SynRM > ferrite-assisted SynRM > NdFeB-assisted SynRM > IPM, and the PM effect under high electric load is small. The power factors at rated operation points of NdFeB-assisted SynRM and IPM increase more compared with those of ferrite-assisted and hybrid PM-assisted SynRMs, as electric load decreases. It is because the PM effect increases as electric load decreases, and NdFeB-assisted SynRM and IPM have lager PM flux linkage, as shown in section 6.3.6.5. Consequently, hybrid PM-assisted SynRM > NdFeB-assisted SynRM > ferrite-assisted SynRM > IPM, and the difference between IPM and other machines is not as large as that under high electric load.
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[bookmark: _Ref385434084]Fig. 6.26 Power factors along the torque-speed characteristics (a) Maximum converter current. (b) Rated converter current.
[bookmark: _Toc396210662]Torque Ripple
The torque ripples of SynRM, ferrite-assisted, NdFeB-assisted, hybrid PM-assisted SynRMs and IPM are shown in Fig. 6.27 and Fig. 6.28. 
S. Comparison between SynRM and electrical machines with PMs
The torque ripple of SynRM is much more serious than PMA-SynRM or IPM under high electric load, whilst it is the lowest under low electric load.
B. Comparison between ferrite-assisted SynRM, NdFeB-assisted SynRM and IPM
They have similar torque ripples for different current amplitudes.
C. Comparison between hybrid PM-assisted SynRM and other electrical machines with PMs
The torque ripple of hybrid PM-assisted SynRM is higher than those of other machines under low electric load, but lower under high electric load.
Overall, the torque ripples of ferrite-assisted, NdFeB-assisted and hybrid PM-assisted SynRMs are competitive to IPM.
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[bookmark: _Ref385441051]Fig. 6.27 Torque ripples for different current amplitudes. (a) SynRM. (b) Ferrite-assisted SynRM. (c) NdFeB-assisted SynRM. (d) Hybrid PM-assisted SynRM. I Prius 2010 IPM.
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[bookmark: _Ref385441074]Fig. 6.28 Peak to peak torque ripples of SynRM, ferrite-assisted SynRM, NdFeB-assisted SynRM and Prius 2010 IPM for different stator current amplitudes.
[bookmark: _Toc396210663][bookmark: _Ref404350328][bookmark: _Ref404350843]Back EMF
When a PM electrical machine works in high speed region, the amplitude of line back EMF may significantly exceed the dc-link source voltage Udc, which could lead to a fault in the inverter. Usually a low magnet flux is favourable in order to design a PM machine with wide speed region [JAH99] [PEL11]. The line back EMF waveforms of ferrite-assisted, NdFeB-assisted and hybrid PM-assisted SynRMs are shown in Fig. 6.29. The variations of fundamental line back EMF amplitude with speed are shown in Fig. 6.30, which shows that ferrite-assisted SynRM has the largest threshold speed (23.7krpm) due to the much lower magnetic energy product of ferrite, and the threshold speed of NdFeB-assisted (12.6krpm) and hybrid PM-assisted (10.3krpm) SynRMs is also larger than IPM (8.6krpm), because less PM effect is utilized than IPM.
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[bookmark: _Ref395543838]Fig. 6.29 Line back EMF waveforms, 1000rpm.
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[bookmark: _Ref387764753]Fig. 6.30 Variations of fundamental line back EMF amplitude of ferrite-assisted, NdFeB-assisted, hybrid PM-assisted SynRMs and Prius 2010 IPM with speed.
[bookmark: _Toc396210664]Efficiency Map
The efficiency maps of SynRM, ferrite-assisted, NdFeB-assisted, hybrid PM-assisted SynRMs and Prius 2010 IPM are calculated and compared in this section. The iron and PM losses are calculated using FEA, as shown in Appendix G. The mechanical loss is referenced to Prius 2010 IPM, as shown in Appendix F. For each specific operation point, the maximum possible efficiency is searched, and the final efficiency maps are shown in Fig. 6.31. The maximum efficiency of SynRM is much lower than IPM, ~2% lower than IPM, due to low torque capability. The maximum efficiency of ferrite-assisted SynRM is a little lower than IPM, less than 1%. The efficiency maps of NdFeB-assisted and hybrid PM-assisted SynRMs are close to IPM. The tested efficiency map of Prius 2010 IPM [OLS11] is shown in Fig. 6.31 (f) to verify the validity of calculation method of efficiency map. Although the calculated maximum efficiency of Prius 2010 IPM is less than the tested 96%, it is reasonable because the copper temperature is fixed to be 150℃ in the calculation, which may cause larger calculated copper loss than that in real case.
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[bookmark: _Ref386618514]Fig. 6.31 Efficiency maps. (a) SynRM. (b) Ferrite-assisted SynRM. (c) NdFeB-assisted SynRM. (d) Hybrid PM-assisted SynRM. (e) Prius 2010, calculated. (f) Prius 2010, tested [OLS11].
[bookmark: _Toc396210665]Cost
[bookmark: _Ref395544924]The quotations are referred to section 5.6.8. The weight and material costs of SynRM, ferrite-assisted, NdFeB-assisted, hybrid PM-assisted SynRMs and Prius 2010 IPM are listed in Table 6.6. NdFeB-assisted and hybrid PM-assisted SynRMs use 30% and 70% less NdFeB PM than IPM respectively. The material cost of SynRM is the cheapest, ~1/3 of IPM. ferrite-assisted, hybrid PM-assisted and NdFeB-assisted SynRMs are 55%, 40% and 25% cheaper than IPM respectively. SynRM, ferrite-assisted and hybrid PM-assisted SynRMs have great advantage over IPM in terms of material cost. 
[bookmark: _Ref409958568]

Table 6.6 Material weight and costs
	
	SynRM
	Ferrite-assisted SynRM
	NdFeB-assisted SynRM
	Hybrid PM-assisted SynRM
	Prius 2010 IPM

	Copper mass (kg)
	3.32
	4.1
	4.1
	4.1
	4.93

	Iron mass (kg)
	12.8
	12.4
	12.4
	12.4
	15.04

	NdFeB mass (kg)
	0
	0
	0.545
	0.24
	0.77

	Ferrite mass (kg)
	0
	1.31
	0
	1.31
	

	Total mass (kg)
	16.1
	17.9
	17.1
	18.1
	20.75

	Copper cost (£)
	23.2
	28.7
	28.7
	28.7
	34.51

	Iron (£)
	25.7
	24.9
	24.9
	24.9
	30.08

	NdFeB (£)
	0
	0
	54.5
	24
	77.5

	Ferrite (£)
	0
	10.5
	0
	10.5
	

	Total (£)
	48.9
	64.2
	108
	88.2
	142


[bookmark: _Toc396210666][bookmark: _Toc409958909]Comparison between IM and hybrid PM-Assisted SynRM
[bookmark: _Toc396210668][bookmark: _Toc409958910]Design Specifications
The optimization processes of IM and hybrid PM-assisted SynRM with Prius size have been presented in section 6.2.1 and 6.3.4. The cross sections and corresponding design specifications are shown again in Fig. 6.32 and Table 6.7.
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[bookmark: _Ref395884615]Fig. 6.32 Cross sections of optimized electrical machines. (a) IM. (b) Hybrid PM-assisted SynRM. 

[bookmark: _Ref395884628]Table 6.7 Design specifications of IM and hybrid PM-assisted SynRM 
	
	IM
	Hybrid PM-assisted SynRM

	ulim (V)
	650×2/π×85%

	ilim (A)
	225

	D1 (mm)
	264

	Di (mm)
	195
	185.5

	L (mm)
	50.5

	Q1
	48

	Q2
	44
	-

	hs (mm)
	17.79
	21.4

	b01 (mm)
	1.88
	

	bt1 (mm)
	7.74
	7.39

	hr (mm)
	20.22
	-

	b02 (mm)
	1
	-

	bt2 (mm)
	8.2
	-

	g (mm)
	0.73

	Number of barriers
	-
	3

	hb1’ (mm)
	-
	2.90

	hb1 (mm)
	-
	6.26

	hi2 (mm)
	-
	5.27

	Ferrite dimensions (mm)
	-
	26×6.26, 34×6.26,
42×6.26

	NdFeB dimensions (mm)
	-
	2.05×2.9, 11.6×2.9

	Bridge dimension (mm)
	-
	2.9×1

	Rib dimension (mm)
	-
	2.9×1

	Number of turns per coil
	9
	10

	a1
	1
	1

	Wφ
	72
	80

	Packing factor
	0.465
	

	Rs at 21℃ (Ω)
	0.077
	0.077

	Iron grade
	M270-35A

	Type of magnet
	-
	FB12H/N36Z


[bookmark: _Ref396053988][bookmark: _Toc396210669][bookmark: _Toc409958911]Comparison of Performance and Cost
The following electromagnetic performances are calculated with the conditions that the winding and PM temperature is set to be150 ºC.
Torque Capability
The maximum electromagnetic torque capability for different stator current amplitude of IM and hybrid PM-assisted SynRM is shown in Fig. 6.33. It can be seen that the torque capability of IM increases faster with electric load than hybrid PM-assisted SynRM, the torque capability of hybrid PM-assisted SynRM is better than IM under low electric load operations, while as the electric load increases, the torque capability of IM may be better. The reason is the same as that for torque capability difference between IM and IPM in section 6.2.2.1.
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[bookmark: _Ref395885528]Fig. 6.33 Variations of maximum electromagnetic torque with current amplitude.
[bookmark: _Ref396054450][bookmark: _Toc396210670]Torque/Power-Speed Characteristic
The maximum and rated torque- and power-speed characteristics of IM and hybrid PM-assisted SynRM are shown in Fig. 6.34. The maximum torque/power-speed characteristic of IM is not as good as hybrid PM-assisted SynRM overall. Although the maximum output torque of IM is competitive to hybrid PM-assisted SynRM, the flux-weakening performance is poorer, because the narrower constant power region of IM. The rated torque/power-speed characteristic of IM is poorer than that of hybrid PM-assisted SynRM in both constant torque region (~12% lower) and flux-weakening region.
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[bookmark: _Ref395886709]Fig. 6.34 Torque- and power-speed characteristics. (a) Maximum converter current. (b) Rated converter current.
[bookmark: _Ref396056020][bookmark: _Toc396210671]Power Factor
The power factors of IM and hybrid PM-assisted SynRM along torque-speed characteristics for maximum and rated converter current are shown in Fig. 6.35. The power factor of IM is competitive to hybrid PM-assisted SynRM under high electric load in low speed region, but lower under low electric load. The reason is the same as that for power factor difference between IM and IPM in section 6.2.2.3.
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[bookmark: _Ref395887290]Fig. 6.35 Power factors along the torque-speed characteristics. (a) Maximum converter current. (b) Rated converter current.
[bookmark: _Ref396056554][bookmark: _Toc396210672]Torque Ripple
The torque ripples of maximum output torque of IM and hybrid PM-assisted SynRM for different stator current amplitudes are shown in Fig. 6.36. The comparison result of peak to peak torque ripple is shown in Fig. 6.37. It can be seen that the torque ripple of IM is larger than hybrid PM-assisted SynRM, when the electric load is high. As the electric load deceases, the torque ripple of IM becomes much lower. The reason is the same as that of torque ripple difference between IM and IPM in section 0.
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[bookmark: _Ref395889139]Fig. 6.36 Torque ripples for different current amplitude. (a) IM. (b) Hybrid PM-assisted SynRM.
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[bookmark: _Ref395889168]Fig. 6.37 Peak to peak torque ripples for different stator current amplitude.
[bookmark: _Ref396056833][bookmark: _Toc396210673]Efficiency Map
The calculated efficiency maps of IM and hybrid PM-assisted SynRM are shown in Fig. 6.38. The overall efficiency of IM is lower than hybrid PM-assisted SynRM. The maximum efficiency of IM with copper squirrel cage is ~2% lower than hybrid PM-assisted SynRM, due to the low torque capability under low electric load and also rotor copper loss.
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[bookmark: _Ref395889359]Fig. 6.38 Efficiency maps. (a) IM. (b) Hybrid PM-assisted SynRM.
[bookmark: _Toc396210674]Cost
The material costs of IM and hybrid PM-assisted SynRM are compared in this section. The weight and material cost of IM and hybrid PM-assisted SynRM are listed in Table 6.8. The cost of IM is only a little lower, ~9%, than hybrid PM-assisted SynRM. Thus, hybrid PM-assisted SynRM is a type of machine competitive to IM, in terms of material cost.
[bookmark: _Ref395889548]Table 6.8 Material costs of IM and Prius 2010 IPM
	
	IM
	Hybrid PM-assisted SynRM

	Stator copper mass (kg)
	3.36
	4.1

	Iron mass (kg)
	15.0
	12.4

	Rotor copper/PM mass (kg)
	3.92
	0.24 (NdFeB)
1.31 (Ferrite)

	Total mass (kg)
	22.2
	18.1

	Stator copper (£)
	23.5
	28.7

	Iron (£)
	29.9
	24.9

	Rotor copper/PM (£)
	27.5
	24 (NdFeB)
10.5 (Ferrite)

	Total (£)
	80.9
	88.2


[bookmark: _Toc409958912]Conclusion
S. Comparison between IM and IPM
The electromagnetic performance of IM is competitive and even better than IPM under high electric load, in terms of torque capability and power factor, but lower under low electric load. The flux-weakening performance of IM is always poorer than IPM. The torque ripple of IM is comparable to IPM under high electric load and much lower than IPM under low electric load. The overall efficiency of IM is lower than IPM, and the maximum efficiency of IM is approximately 2~3% lower than IPM. The material cost of IM is almost half of IPM.
B. Comparison between SynRM and IPM
The electromagnetic performance of SynRM is much poorer than that of IPM, in terms of torque capability, torque-speed characteristic, power factor and efficiency. The torque ripple is lower than IPM under low electric load, but higher under high electric load. 
C. Comparison between Ferrite-Assisted SynRM and IPM
Ferrite-assisted SynRM is competitive and even better than IPM especially under high electric load, in terms of torque capability, torque-speed characteristic and power factor. The torque ripple of ferrite-assisted SynRM is competitive to IPM. In addition, ferrite-assisted SynRM has great advantage over IPM in view of threshold speed (23.7krpm vs. 8.6krpm) and material cost (55% lower). 
D. Comparison between NdFeB-Assisted, Hybrid PM-Assisted SynRMs and IPM
The performances of NdFeB-assisted, hybrid PM-assisted SynRMs can be close and even better than IPM in terms of torque capability, torque-speed characteristic, power factor, torque ripple and efficiency. 
E. Comparison between IM and Hybrid PM-Assisted SynRM
The electromagnetic performance of IM is competitive to hybrid PM-assisted SynRM under high electric load, in terms of torque capability and power factor, but lower under low electric load. The flux-weakening performance of IM is always poorer than hybrid PM-assisted SynRM. The torque ripple of IM is lower than hybrid PM-assisted SynRM, especially under low electric load. The overall efficiency of IM is lower than hybrid PM-assisted SynRM, and the maximum efficiency of IM is approximately 2~3% lower than hybrid PM-assisted. 
[bookmark: OLE_LINK51][bookmark: OLE_LINK52]The material costs of SynRM, ferrite-assisted SynRM, IM, hybrid PM-assisted SynRM and NdFeB-assisted SynRM are ~65%, ~55%, ~43%, ~40% and ~25% lower than IPM respectively. In addition, the electrical machines with high PM flux linkage tend to have better performances under low electric load, in terms of torque capability per Ampere, flux-weakening performance and power factor, especially torque capability and power factor. Electrical machines with high saliency ratio tend to have better performances under high electric load. 


[bookmark: _Toc409958913]General Conclusions
IM and IPM are two types of electrical machines used most widely in the EV/HEV market. PM-assisted synchronous reluctance machines (PMA-SynRM) have developed rapidly recently, due to their comparatively low cost compared with IPM. In this thesis, two types of electrical machines with no or less PM quantity are investigated and nalysed for EV/HEV application, with particular reference to the maximum torque/power-speed characteristic.
· IM;
· PMA-SynRM.
Finally, the electromagnetic performance and material costs of different types of electrical machines are compared. The investigated electrical machines include IM, SynRM, ferrite-assisted SynRM, NdFeB-assisted SynRM and IPM. 
[bookmark: _Toc409958914]IM for EV/HEV Applications
[bookmark: _Toc409958915]Analytical Calculation of Torque-Speed Characteristic 
The analytical method for electromagnetic performance calculation of electrical machine is appreciated for its fast speed and feasible accuracy. The developed analytical model is based on a dq-axis reference frame, instead of the traditional single-phase equivalent circuit. In this way, the relationship between d- and q-axis currents and IM’s parameters and performances can be obtained, which is appreciated by control engineers. The analytically calculated electromagnetic performances of a 12kW IM are verified by experiments. It can predict:
· The maximum torque/power-speed characteristic;
· Power factors along the torque-speed characteristic;
· Efficiency map.
[bookmark: _Toc409958916]Influence of Design Parameters on Torque-Speed Characteristic
Based on the analytical calculation method, the influences of design parameters on the torque-speed characteristic are investigated. Firstly, the parameters, i.e. mutual and leakage inductances, stator and rotor resistances, and iron saturation, are studied, with particular reference to the influence on flux-weakening performance. In general, it can be concluded that:
· The ratio of total leakage inductance to mutual inductance is a key design parameter which determines the flux-weakening performance of IM. IM can always output infinite speed. With ideal zero inductance ratio, IM can achieve infinite constant power region and maximum utilization of the inverter at base speed, approximately 0.7, while the power factor reaches the maximum value, 0.7 in constant torque region and 1.0 in constant power region
· When iron saturation is considered, the constant power region is reduced due to the increase of the rated speed. The maximum torque in constant torque region is reduced as well. The power factor and inverter utilization at rated speed are increased.
· When the stator resistance is considered, the maximum output torque and constant power regions will not be affected, while the rated speed will be decreased. As the stator resistance increases, the power factor along the torque-speed characteristic becomes higher, and the inverter utilization at rated speed still becomes lower.
· When the rotor resistance is considered, the maximum output torque will not change, while the rated speed, constant power region, inverter utilization at rated speed and efficiency will all be decreased. Rotor resistance will not influence the power factor along the maximum torque-speed characteristic. 
After the investigation above, the influences of some physical parameters are investigated, such as the ratio of tooth width to slot pitch, split ratio, airgap length, slot area, the number of stator/rotor slots per pole per phase (q1 or q2) and pole pair number p:
· For the ratio of tooth width to slot pitch, split ratio, airgap length and slot area, there exist optimal values for the maximum torque in low speed region and constant power region respectively, which are represented by Aopt_T and Aopt_P. The two values are usually different, and the reasonable design values to achieve an optimal torque/power-speed characteristic should be between them. There exists a general rule for the relationship between Aopt_T and Aopt_P . 1) Aopt_T < Aopt_P, if  Lσ  decreases with dimensions, such as split ratio and g, etc.; 2) Aopt_T < Aopt_P, if  Lσ  decreases with dimensions, such as split ratio and g, etc.
· q1 or q2 has little influences on the maximum torque. However, the constant power region increases with either of them. In addition, the improvement of constant power region is not obvious if q1 or q2 >3. It is desirable to design an IM with q1 or q2≥3.
· The maximum torque and constant power region decrease with the increase of p, when p is large (>3 in the specific case in the thesis). However, it is difficult to find a general rule for the influence of p when it is quite small, because its influence on the geometry is very complicated. In the specific case in section 3.4, the optimal p for the maximum torque and constant power region are both 3.
[bookmark: _Toc409958917]Difference of Torque-Speed Characteristic between Motor and Generator Modes
Usually, electrical machines for EV/HEV applications need to work in both motor and generator modes. The maximum torque/power-speed characteristics of IM in motor and generator modes are sometimes quite different. This section mainly focuses on investigating their difference. The investigated parameters include stator and rotor resistances (Rs and Rr), and iron loss; the analysed performances include the maximum torque- and output power-speed curves, power factor and efficiency.
· The difference of torque-speed characteristics between motor and generator modes increases with Rs. It is due to the opposite direction of q-axis current. The difference of output power-speed characteristics does not change obviously with Rs. The difference of power factor increases with Rs, which is also due to the opposite direction of q-axis current. Rs value does not influence the difference of efficiency between motor and generator modes.
· The difference of torque-speed characteristics between motor and generator modes increases with Rr, due to positive slip ratio in motor mode and negative slip ratio in generator mode. The opposite slip ratios are also caused by the opposite direction of q-axis current. The difference of output power-speed characteristics in flux-weakening region between motor and generator modes also increases with Rr. Rr does not cause the power factor difference. The efficiency difference between motor and generator modes increases with Rr.
· The difference in torque-speed characteristics between motor and generator modes increases with iron loss, more obvious in constant torque region. The iron loss does not influence the power factors in both motor and generator modes, but decreases the efficiency.
[bookmark: _Toc409958918]Hybrid PM-Assisted SynRM for EV/HEV Applications
A hybrid PM-assisted SynRM is proposed, which utilizes both ferrite and NdFeB PMs, in order to reduce the material cost without sacrificing the electromagnetic performance. The idea behind hybrid PM-assisted SynRM is as follows: Take FB12H and N36Z as examples, the maximum magnetic energy product of ferrite is ~15% of NdFeB at 20ºC. However, the material cost is less than 10% of NdFeB. Thus, it favours to reduce the material cost of electrical machine if some quantity of NdFeB can be substituted by ferrite.
[bookmark: _Toc409958919]Design of Hybrid PM-Assisted SynRM
S. Location of PMs
The design of hybrid PM-assisted SynRM is conducted by filling both ferrite and NdFeB PMs into the barriers of SynRM. Because the barriers of SynRM are usually thicker in the middle and thinner in the ends, the ferrite is located in the middle of barriers, which is beneficial to demagnetization performance, and NdFeB PMs are located at the ends of barriers, which helps to improve the PM utilization.
B. Reasonable Quantities of Ferrite and NdFeB PMs
The reasonable quantities of ferrite and NdFeB PMs depend on the relationship of ferrite and NdFeB quotations, from the view of saving material cost. In the specific case in this thesis, it can be concluded as follows:
· It is reasonable to use the maximum possible quantity of ferrite instead of NdFeB, if the ratio of NdFeB quotation to ferrite > 28:8;
· It is reasonable to use the maximum possible quantity of NdFeB instead of ferrite, if the ratio of NdFeB quotation to ferrite < 28:8. In fact in this case, the hybrid PM-assisted SynRM becomes NdFeB-assisted SynRM.
[bookmark: _Toc409958920]Electromagnetic Performance and Cost
The electromagnetic performances and cost of hybrid PM-assisted SynRM are compared with ferrite- and NdFeB-assisted SynRMs.
· Most of the electromagnetic torque of hybrid PM-assisted SynRM comes from reluctance torque (82.3% of maximum possible torque), and the values of ferrite- and NdFeB-contributed PM torque is similar (both account for 8.8% of the maximum possible torque). Ferrite and NdFeB PMs contribute to the reluctance torque by saturating the iron bridges, as well as PM torque. In the specific case, PMs contribute to 18% of the maximum torque.
· The amplitude of back EMF of hybrid PM-assisted SynRM is comparable to that of NdFeB-assisted SynRM.
· With the same maximum torque in constant torque region, the flux-weakening performance of hybrid PM-assisted SynRM is usually better than that of NdFeB-assisted SynRM.
· The power factors of NdFeB-assisted and hybrid PM-assisted SynRMs are close, both are larger than that of ferrite-assisted SynRM.
· The torque ripple of hybrid PM-assisted SynRM is not larger than ferrite- and NdFeB-assisted SynRMs.
· For demagnetization of ferrite, the ferrite of hybrid PM-assisted SynRM is safe from the irreversible demagnetization. In addition, the demagnetization of ferrite in the second layer of hybrid PM-assisted SynRM is more serious than that of ferrite-assisted SynRM, due to the influence of NdFeB PMs. For demagnetization of NdFeB, it is far from irreversible demagnetization. In addition, the demagnetization of NdFeB in hybrid PM-assisted SynRM is a little more serious than that in NdFeB-assisted SynRM.
· Hybrid PM-assisted SynRM uses half of NdFeB PM of NdFeB-assisted SynRM, and the total material cost is ~20% less.
[bookmark: _Toc409958921]Comparison between Different Types of Electrical Machines
The comparison is carried out with the conditions that all electrical machines have the same stator outer diameter, stack length and inverter current and voltage rating. The major electromagnetic performances and material costs of SynRM, IM, ferrite-assisted, NdFeB-assisted and hybrid PM-assisted SynRMs, and IPM are summarised and listed in 

Table 7.1.
S. Comparison between SynRM and IPM
The electromagnetic performances of SynRM are much poorer than those of IPM under high and low electric loads, in terms of torque capability, torque-speed characteristic, power factor and efficiency. The torque ripple is lower than IPM under low electric load, but higher under high electric load. The maximum efficiency in the efficiency map is ~2% lower than that of IPM. The material cost is ~65%, lower than IPM.
B. Comparison between IM and IPM
The electromagnetic performances of IM are competitive and even better than IPM under high electric load, in terms of torque capability and power factor, but lower under low electric load. The flux-weakening performance of IM is always poorer than IPM. The torque ripple of IM is comparable to IPM under high electric load, but lower than IPM under low electric load. The overall efficiency of IM is lower than IPM, and the maximum efficiency of copper squirrel cage IM is approximately 2% lower than IPM. The material cost of IM is almost half of IPM.
C. Comparison between Ferrite-Assisted SynRM and IPM
The performances of ferrite-assisted SynRM are competitive to IPM, especially under high electric load, in terms of torque capability, torque-speed characteristic and power factor. The torque ripple of ferrite-assisted SynRM is similar to IPM. In addition, ferrite-assisted SynRM has great advantage over IPM in view of threshold speed (23.7krpm vs. 8.6krpm) and material cost (55% lower). The maximum efficiency is 0.5% lower than IPM. The material cost is ~55% lower than IPM.
D. Comparison between NdFeB-Assisted, Hybrid PM-Assisted SynRMs and IPM
The performances of NdFeB-Assisted, hybrid PM-assisted SynRMs are competitive to IPM in terms of torque capability, torque ripple and efficiency, especially under high electric load. The power factors and flux-weakening performances are better than those of IPM. The maximum efficiencies of hybrid PM-assisted SynRM and NdFeB-assisted SynRM are close to IPM. The material costs are ~40% and ~25% lower than IPM respectively.
[bookmark: _Ref404954138]

Table 7.1 Electromagnetic performances and costs of electrical machines under high and low electric loads, the stator currents ia corresponding to high and low electric loads are 225A and 112A respectively. 
	
	SynRM
	IM
	Ferrite-assisted SynRM
	Hybrid PM –assisted SynRM
	NdFeB-assisted SynRM
	IPM

	Max torque (Nm), ia=225A  
	175
	233
	220
	228
	227
	227

	Max torque (Nm), ia=112A  
	82
	101
	111
	114
	120
	121

	Constant power region, ia=225A  
	1.25:1
	1.27:1
	1.41:1
	1.55:1
	1.34:1
	1.17:1

	Constant power region, ia=112A  
	1.72:1
	2.04:1
	2.61:1
	3.47:1
	2.91:1
	2.34:1

	Power factor, ia=225A  
	0.6
	0.71
	0.69
	0.71
	0.68
	0.62

	Power factor, ia=112A  
	0.62
	0.72
	0.74
	0.79
	0.77
	0.73

	Torque ripple (Nm), ia=225A  
	37
	36
	25
	15
	27
	26

	Torque ripple (Nm), ia=112A  
	9
	12
	15
	14
	13
	14

	Max efficiency (%)
	94
	94
	95.4
	95.8
	95.8
	96

	Cost (£)
	48.9
	80.9
	64.2
	88.2
	108
	142.1


[bookmark: _Toc409958922]Future Work
Following the research work in this thesis, the proposed future research includes: 
· Prototyping and testing of hybrid PM-assisted SynRM, which are being carried out by the sponsoring company. 
· Multi-phase IM for EV/HEV applications. 
· Fractional-slot IM for EV/HEV applications. 
· Multi-phase hybrid PM-assisted SynRM for EV/HEV applications. 
· Fractional-slot hybrid PM-assisted SynRM for EV/HEV applications. 
It should be noted that multi-phase and fractional-slot IM and hybrid PM-assisted SynRM are being investigated by other PhD students in the Electrical Machines and Drives Research Group.
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Appendix A [bookmark: _Ref395182317][bookmark: _Ref396828696][bookmark: _Ref404871293][bookmark: _Ref404871308][bookmark: _Ref404871344][bookmark: _Ref404871406][bookmark: _Toc409958924]   Basic Equations of IM and SynRM in Dq-Axis Reference Frame
A. Basic Equations of IM [VAS90], [BIA97b]
In the dq-axis reference frame, in which the d-axis is aligned with the rotor field, the stator d- and q-axis flux linkages are (A.1) and (A.2). The stator d- and q-axis voltages are (A.3) and (A.4). The electromagnetic torque is (A.5), and the slip electrical angular speed and slip ratio s are (A.6).
		 
[bookmark: _Ref357782710] (A.1)
		 
[bookmark: _Ref357782716] (A.2)
		 
[bookmark: _Ref404004675] (A.3)
		 
[bookmark: _Ref357783016] (A.4)
		 
[bookmark: _Ref384645036] (A.5)
	; 	 
[bookmark: _Ref384645088] (A.6)
[bookmark: OLE_LINK378][bookmark: OLE_LINK379][bookmark: OLE_LINK380][bookmark: OLE_LINK381]where Ls and Lr are the stator and rotor inductances, Lm is the mutual inductance between the stator and rotor, id and iq are the stator d- and q-axis currents, Rs is the stator resistance, ω is the stator electrical angular frequency, m1 is the number of phases, p is the number of pole pairs.
The rotor d- and q-axis flux linkages are (A.7) and (A.8). The rotor d- and q-axis voltages are (A.9).
[bookmark: OLE_LINK64][bookmark: OLE_LINK84]		 
[bookmark: _Ref404007035] (A.7)
		 
[bookmark: _Ref404007036] (A.8)
		 
[bookmark: _Ref404007038] (A.9)

B. Basic Equations of SynRM
		 
 (A.10)
		 
 (A.11)
		 
 (A.12)
		 
 (A.13)
		 
 (A.14)
where Ld and Lq are the d- and q-axis inductances.


Appendix B [bookmark: _Ref394744745][bookmark: _Ref404871267][bookmark: _Ref404871328][bookmark: _Toc409958925]   Lamination and Permanent Magnet Specifications
The BH and loss speciation of lamination M330-35A is listed and shown in Table B.1 and Table B.2.
The BH and loss speciation of lamination M270-35A is listed and shown in Table B.3and and Table B.4.
The specification of FB12H is shown in Fig. B.1.
The specification of N36Z is shown in Fig. B.2.
[bookmark: _Ref394678017]Table B.1 BH curve of lamination M330-35A
	H (A/m)
	B (T)
	H (A/m)
	B (T)
	H (A/m)
	B (T)

	10
	0.016
	100
	0.922
	1500
	1.528

	15
	0.029
	125
	1.054
	2000
	1.555

	20
	0.045
	150
	1.139
	2500
	1.580

	25
	0.068
	175
	1.202
	5000
	1.666

	30
	0.101
	200
	1.250
	7500
	1.730

	40
	0.200
	250
	1.309
	10000
	1.777

	50
	0.340
	350
	1.374
	
	

	60
	0.509
	500
	1.421
	
	

	70
	0.653
	750
	1.463
	
	

	80
	0.765
	1000
	1.491
	
	

	90
	0.855
	1250
	1.511
	
	



[bookmark: _Ref394678825]Table B.2 Loss characteristic of lamination M330-35A
	B ( T )
	W/kg 50Hz
	W/kg 100Hz
	W/kg 200Hz
	W/kg 400Hz
	W/kg 700Hz
	B (T)
	W/kg 1000Hz
	W/kg 1200Hz

	0.10
	0.022
	0.049
	0.115
	0.304
	0.70
	0.02
	0.006
	0.089

	0.15
	0.049
	0.110
	0.260
	0.67
	1.53
	0.05
	0.037
	0.341

	0.20
	0.084
	0.188
	0.447
	1.16
	2.62
	0.1
	1.083
	1.538

	0.25
	0.125
	0.282
	0.67
	1.74
	3.95
	0.15
	2.478
	3.250

	0.30
	0.171
	0.387
	0.93
	2.39
	5.4
	0.2
	4.193
	5.621

	0.35
	0.221
	0.50
	1.21
	3.14
	7.2
	0.25
	6.352
	8.362

	0.40
	0.276
	0.63
	1.53
	3.98
	9.1
	0.3
	8.963
	11.474

	0.50
	0.397
	0.92
	2.24
	5.9
	13.4
	0.35
	11.602
	15.034

	0.60
	0.53
	1.24
	3.06
	8.1
	18.7
	0.4
	14.765
	18.839

	0.70
	0.68
	1.60
	3.99
	10.7
	24.9
	0.5
	21.854
	29.294

	0.80
	0.85
	2.00
	5.0
	13.7
	32.2
	0.6
	30.187
	40.032

	0.90
	1.03
	2.44
	6.2
	17.0
	41
	0.7
	40.795
	55.102

	1.00
	1.23
	2.93
	7.5
	20.8
	50
	0.8
	53.749
	

	1.10
	1.46
	3.47
	8.9
	25.0
	61
	0.9
	68.647
	

	1.20
	1.71
	4.09
	10.5
	29.7
	73
	1
	86.284
	

	1.30
	2.01
	4.8
	12.3
	35
	91
	
	
	

	1.40
	2.40
	5.7
	14.6
	41
	115
	
	
	

	1.50
	2.87
	6.9
	17.6
	50
	131
	
	
	

	1.60
	3.37
	8.0
	20.9
	60
	
	
	
	

	1.70
	3.75
	8.9
	24.8
	73
	
	
	
	

	1.75
	3.91
	9.7
	
	
	
	
	
	

	1.80
	4.19
	
	
	
	
	
	
	



[bookmark: _Ref394679978]Table B.3 BH curve of lamination M270-35A
	H (A/m)
	B (T)
	H (A/m)
	B (T)
	H (A/m)
	B (T)

	0
	0
	0.125
	1.015
	2
	1.535

	0.01
	0.018
	0.15
	1.108
	2.5
	1.560

	0.02
	0.048
	0.175
	1.172
	5
	1.654

	0.03
	0.097
	0.2
	1.218
	7.5
	1.720

	0.04
	0.175
	0.25
	1.279
	10
	1.769

	0.05
	0.292
	0.35
	1.346
	
	

	0.06
	0.436
	0.5
	1.394
	
	

	0.07
	0.573
	0.75
	1.439
	
	

	0.08
	0.690
	1
	1.466
	
	

	0.09
	0.788
	1.25
	1.489
	
	

	0.1
	0.870
	1.5
	1.505
	
	



[bookmark: _Ref394679983]Table B.4 Loss characteristic of lamination M270-35A
	B (T)
	W/kg 50Hz
	W/kg 100Hz
	W/kg 200Hz
	W/kg 400Hz
	W/kg 700Hz
	B (T)
	W/kg 1000Hz
	B (T)
	W/kg 1200Hz

	0.10
	0.018
	0.041
	0.098
	0.256
	0.59
	0.10
	0.886
	0.02
	0.094

	0.15
	0.043
	0.095
	0.227
	0.58
	1.31
	0.15
	1.764
	0.05
	0.352

	0.20
	0.075
	0.167
	0.398
	1.01
	2.27
	0.20
	3.763
	0.1
	1.326

	0.25
	0.113
	0.253
	0.60
	1.53
	3.44
	0.25
	5.867
	0.15
	3.082

	0.30
	0.157
	0.350
	0.84
	2.13
	4.74
	0.30
	8.079
	0.2
	5.073

	0.35
	0.204
	0.46
	1.10
	2.80
	6.26
	0.35
	10.733
	0.25
	7.692

	0.40
	0.256
	0.58
	1.39
	3.56
	7.96
	0.40
	13.213
	0.3
	10.591

	0.50
	0.370
	0.84
	2.04
	5.26
	11.7
	0.50
	21.271
	0.35
	14.089

	0.60
	0.50
	1.13
	2.78
	7.17
	16.2
	0.60
	27.908
	0.4
	17.359

	0.70
	0.64
	1.46
	3.62
	9.41
	21.5
	0.70
	36.751
	0.5
	26.902

	0.80
	0.79
	1.82
	4.52
	11.9
	27.6
	0.80
	48.094
	0.6
	37.094

	0.90
	0.96
	2.22
	5.53
	14.8
	34.6
	0.90
	60.143
	0.7
	49.153

	1.00
	1.14
	2.65
	6.66
	18.0
	42.8
	1.00
	75.708
	0.8
	66.369

	1.10
	1.35
	3.13
	7.89
	21.7
	52.1
	1.10
	92.695
	0.9
	85.012

	1.20
	1.58
	3.68
	9.30
	25.8
	62.9
	1.20
	114.869
	1
	105.062

	1.30
	1.86
	4.3
	10.9
	30.5
	79.5
	1.30
	138.441
	1.1
	126.653

	1.40
	2.19
	5.1
	12.9
	36.4
	103
	1.40
	176.609
	
	

	1.50
	2.57
	6.0
	15.5
	43.6
	134
	
	
	
	

	1.60
	2.94
	7.0
	18.5
	53.0
	
	
	
	
	

	1.70
	3.29
	8.0
	22.2
	65.6
	
	
	
	
	

	1.75
	3.50
	8.7
	
	
	
	
	
	
	

	1.80
	3.71
	
	
	
	
	
	
	
	


[image: ]
[bookmark: _Ref394682060][bookmark: _Ref394749433]Fig. B.1 Specification of FB12H (by TDK).
[image: ]
[bookmark: _Ref394682064]Fig. B.2 Specification of N36Z (by Shine-Etsu)


Appendix C [bookmark: _Ref395182653][bookmark: _Ref404871353][bookmark: _Toc409958926]   Per-unit System
In per-unit model of IM, the maximum phase voltage and current peak values are chosen as the base voltage and current (and ) as shown in (C.1). 
	; 	 
[bookmark: _Ref357786183][bookmark: _Ref396397462] (C.1)
where ulim and ilim are the limits of phase voltage and current amplitudes, id and iq are d- and q-axis currents. The remaining base values, which include flux linkage (), resistance (), inductance (), angular speed (, rotor speed (), torque () and power (Pbase), are shown in (C.2) - (C.4). 
 	; ; 	 
[bookmark: _Ref357785639] (C.2)
	; 	 
[bookmark: _Ref357785649][bookmark: _Ref372215683] (C.3)
	; 	 
[bookmark: _Ref396399861] (C.4)
where ωrated is the rated angular speed, p is the number of pole pairs. With the base values listed above, the basic equations of IM under per-unit system can be expressed as follows:
		 
 (C.5)
		 
 (C.6)
	; 	 
 (C.7)
where udp and uqp are the scaled d- and q-axis voltage, ip is the scaled phase current amplitude, θ is the current angle, ωp and ωsp are the scaled stator and slip angular speed, Rsp and Rrp are the scaled stator and rotor resistances, Lsp, Lrp and Lmp are the scaled stator, rotor and mutual inductances, Temp is the scaled electromagnetic torque.


Appendix D [bookmark: _Ref404871476][bookmark: _Toc409958927]   Reluctance Torque and Permanent Magnet Torque Calculation Using Frozen Permeability
The purpose of employing the frozen permeability (FP) technique is to allow the superposition theory applicable for torque components analysis, such as PM torque and reluctance torque etc., with fully accounting for the magnetic saturation [WAL05] [TAN09]. It has been illustrated and utilised to segregate the PM and reluctance torque components in [KWA05] [HU03] [SER88] [LEV00]. The segregation of reluctance torque in IPM is taken for illustration. The BH curve of lamination is shown in Fig. D.1. When IPM works at an operation point, the iron permeability is μWP. Then the PM is removed from the model, to segregate the reluctance torque. With only the excitation of phase currents, the iron permeability becomes μPC, which is different from μWP. Thus, the calculated reluctance torque is different from the real reluctance torque component of working point, due to the difference of iron saturation level. However, if the iron permeability is frozen to μWP, the obtained reluctance toque will be correct.


[bookmark: _Ref404436910]Fig. D.1 BH curve of lamination, WP, PM and PC refer to the working point, PMs and phase currents excitations.
The separation of reluctance torque, ferrite-contributed and NdFeB-contributed PM torque for an operation point of hybrid PM-assisted SynRM is as follows. 
· Firstly, the machine (model I) is analysed nonlinearly in the FEA tool (JMAG). Consequently, the total electromagnetic torque Tem is obtained. The permeability of each element is saved. 
· Second step: all PMs are removed from the model, and the saved permeability is imposed in the new model (model II). Then, the reluctance torque component Trel is obtained. 
· Third step: The ferrite PMs are restored to model II, which are still with the saved permeability in model I. Then the ferrite-contributed PM torque TPM_ferrite can be obtained by subtracting Trel from the newly obtained torque. 
· Fourth step: the NdFeB-contributed PM torque is obtained by subtracting Trel and TPM_ferrite from Tem.
· 

Appendix E [bookmark: _Ref409792600][bookmark: _Toc409958928]   Torque-Speed Characteristic Calculation Equations Accounting for Cross-Coupling for PMA-SynRM and IPM [QI09]
The electromagnetic torque accounting for the influence of cross-coupling is given by
[bookmark: OLE_LINK318][bookmark: OLE_LINK322]		 
 
[bookmark: OLE_LINK356][bookmark: OLE_LINK351]		 
 
[bookmark: OLE_LINK387][bookmark: OLE_LINK388]		 
 (E.1)
where
[bookmark: OLE_LINK365][bookmark: OLE_LINK366][bookmark: OLE_LINK373][bookmark: OLE_LINK374][bookmark: OLE_LINK400]		 
 (E.2)
[bookmark: OLE_LINK375]		 
 (E.3)
[bookmark: OLE_LINK354]		 
 (E.4)
[bookmark: OLE_LINK85][bookmark: OLE_LINK86][bookmark: OLE_LINK382][bookmark: OLE_LINK383][bookmark: OLE_LINK384][bookmark: OLE_LINK385][bookmark: OLE_LINK386]where , p is the number of pole pairs, 𝜓d and 𝜓q are the d- and q-axis flux linkages, id and iq are the stator d- and q-axis currents, 𝜓PM is PM flux linkage, Ld and Lq are the d- and q-axis inductances.
[bookmark: OLE_LINK389][bookmark: OLE_LINK390]The phase voltage amplitude ua is 
		 

		 
 (E.5)
where ω is electrical angular speed.


Appendix F [bookmark: _Ref404871742][bookmark: _Ref404871767][bookmark: _Toc409958929] Mechanical Loss of Prius 2010 Interior Permanent Magnet Electrical Machine
The mechanical loss Pfw is approximately expressed by (F.1)
		 
[bookmark: _Ref404457886] (F.1)
where kfw1 and kfw2 are mechanical loss coefficients,  fs is the corresponding stator frequency. 
The estimation of mechanical loss is based on the test data of Prius 2004 IPM in [OLS05], since there is no loss data for Prius 2010 IPM according to the author’s knowledge. The rotor diameters of the two machines are the same. By fitting the loss data of Prius 2004 IPM into (F.1), kfw1=0.03035 and kfw2=7.56×10-6. Further, the mechanical loss of Prius 2010 IPM is expressed as (F.2), since the stack length of Prius 2010 is shorter than Prius 2004 (50.8mm vs. 84mm).
		 
 
		 
[bookmark: _Ref404459159] (F.2)

Table F.1 Mechanical loss of Prius 2004
	Speed (rpm)
	Frequency (Hz)
	Mechanical loss (W)

	494
	32.93
	19.8

	1000
	66.66
	31.6

	1506
	100.4
	60.2

	1991
	132.7
	109

	2501
	166.7
	135.9

	3007
	200.4
	161.7

	3501
	233.4
	205.3

	3999
	266.6
	242.1

	4505
	300.3
	297.4

	4999
	333.2
	323.9

	5492
	366.1
	404.9

	6006
	400.4
	472.8





[image: ]
Fig. F.1 The tested and fitting mechanical loss of Prius 2004 IPM.



Appendix G [bookmark: _Ref404871760][bookmark: _Toc409958930]   FEA Evaluation of Iron Loss and PM Loss
A. Iron Loss
Iron loss PFe is calculated by (G.1).
		 
[bookmark: _Ref404452606] (G.1)
where kh, kc and ke are hysteresis loss, eddy current loss and excessive loss coefficients, Bpk is the amplitude of flux density, fs is the frequency. These coefficients are obtained by fitting the manufacturer loss data into (G.1) [MAX10]. The loss date has been shown in Appendix B. The commercial FEA software Maxwell is used for flux density calculation.
For SynRM, PMA-SynRM and IPM, a set of simulations are carried out in a (id, iq) plane, covering all the possible operating current vectors, at a specific speed. Then repeat this step for different speed to cover the whole operation speed region. 
B. PM Loss
The eddy-current loss of PM is calculated by FEA according to the electrical conductivity of material. Calculation of PM losses is also conducted throughout all the (id, iq) and speed operation regions.


Appendix H [bookmark: _Ref404787529][bookmark: _Toc409958931]   Specifications of Valeo IM
The specifications of laminations of Valeo IM are shows in Fig. H.1, and the other parameters are listed in Table H.1.
.
	

	


	

	



[bookmark: _Ref396825627]Fig. H.1 Specifications of stator and rotor laminations
[bookmark: _Ref396825640]


[bookmark: _Ref409791860]Table H.1 Design specifications 
	Stack length (mm)
	70

	Number of pole pairs
	3

	Number of stator slots
	54

	Number of rotor slots
	44

	Wire dimension (mm×mm)
	5×2.24

	Number of coils per slot
	2

	Number of turns per coil
	1

	Number of parallel branches
	2

	Number of series turns per phase
	9

	Packing factor
	0.64

	Stator resistance at 21ºC (Ω)
	0.0022

	Stator resistance at 21ºC (Ω)
	0.00091

	End ring area (mm2)
	170

	Iron grade
	M270-35A





Appendix I [bookmark: _Toc409958932]   Comparison of Electromagnetic Performance and Cost between Induction Machine and Hybrid Permanent Magnet Assisted Synchronous Reluctance Machine with Valeo Size
[bookmark: _Toc396210676][bookmark: _Toc409958933]I.1 Design Specifications
The optimization processes of hybrid PM-assisted SynRM has been presented in Chapter 5. The cross sections and design specifications of IM and hybrid PM-assisted SynRM with Valeo size are shown again in Fig. I.1 and Table I.1. They have identical stator.
[image: ]
(a)
[image: ]
(b)
[bookmark: _Ref404163768]Fig. I.1 Cross sections of optimized electrical machines. (a) IM. (b) Hybrid PM-assisted SynRM. 
[bookmark: _Ref404163787]Table I.1 Design specification of IM and hybrid PM-assisted SynRM 
	
	IM
	Hybrid PM-assisted SynRM

	D1 (mm)
	146

	Di (mm)
	104.2

	L (mm)
	70

	Q1
	54

	Q2
	44
	-

	hs (mm)
	13.46

	b01 (mm)
	1

	bs1 (mm)
	2.94

	hr (mm)
	16.31
	-

	b02 (mm)
	2
	-

	bt2 (mm)
	4.03
	-

	g (mm)
	0.4

	Number of barriers
	-
	2

	hb1' (mm)
	-
	3.18

	hb1 (mm)
	-
	7.36

	hi2 (mm)
	-
	5.85

	Ferrite dimensions (mm)
	-
	20×7.36
12×7.36

	NdFeB dimensions (mm)
	-
	9.4×3.18

	Bridge dimension (mm)
	-
	3.18×1

	Rib dimension (mm)
	-
	7.36×1

	Number of coils per slot
	2

	Number of turns per coil
	1

	a1
	2

	Wφ
	9

	Packing factor
	0.64

	Rs at 21℃ (Ω)
	0.0022
	0.0022

	Type of iron
	M270-35A

	Type of magnet
	-
	FB12H/N36Z


[bookmark: _Toc409958934]I.2 Comparison of Performance and Cost
[bookmark: _Toc404460061][bookmark: _Toc404460207][bookmark: _Toc404871237][bookmark: _Toc404873329][bookmark: _Toc405192982][bookmark: _Toc405199282][bookmark: _Toc405204922][bookmark: _Toc404460063][bookmark: _Toc404460209][bookmark: _Toc404871046][bookmark: _Toc404871239][bookmark: _Toc404873331][bookmark: _Toc405192984][bookmark: _Toc405199284][bookmark: _Toc405204924][bookmark: _Toc396210677][bookmark: _Toc409958935]I.2.1 Torque Capability per Ampere
The maximum electromagnetic torque capability for different stator current amplitude of IM and hybrid PM-assisted SynRM is shown in Fig. I.2. Same conclusion can be obtained as that in section 6.4.2.
[image: ]
[bookmark: _Ref404163833]Fig. I.2 Variation of maximum electromagnetic torque with current amplitude.
[bookmark: _Toc396210678][bookmark: _Toc409958936]I.2.2 Torque/Power-Speed Characteristic
The maximum and rated torque- and power-speed characteristics of IM and hybrid PM-assisted SynRM are shown in Fig. I.3. Same conclusion can be obtained as that in section 6.4.2.2. The torque in constant torque region of IM is ~5% and ~17% lower than hybrid PM-assisted SynRM for maximum and rated torque-speed characteristics respectively. 
[image: ]
(a)
[image: ]
(b)
[bookmark: _Ref404163844]Fig. I.3 Torque- and power-speed characteristics. (a) Maximum converter current. (b) Rated converter current.
[bookmark: _Toc396210679]

[bookmark: _Toc409958937]I.2.3 Power Factor
The power factors of IM and hybrid PM-assisted SynRM along torque-speed characteristics for maximum and rated converter currents are shown in Fig. I.4. Same conclusion can be obtained as that in section 6.4.2.3.
[image: ]
(a) 
[image: ]
(b)
[bookmark: _Ref404163856]Fig. I.4 Power factor along the torque-speed characteristics. (a) Maximum converter current. (b) Rated converter current.
[bookmark: _Toc396210680][bookmark: _Toc409958938]I.2.4 Torque Ripple
The torque ripple of maximum output torque of IM and hybrid PM-assisted SynRM for different stator current amplitude is shown in Fig. I.5. The comparison result of peak to peak torque ripple is shown in Fig. I.6. The torque ripple of IM is much lower than hybrid PM-assisted SynRM, no matter for high or low electric load. The result is not exactly the same as that in section 6.4.2.4, in which IM may has larger torque ripple than hybrid PM-assisted SynRM for high electric load.
[image: ]
(a)
[image: ]
(b)
[bookmark: _Ref404163866]Fig. I.5 Torque ripples for different current amplitude. (a) IM. (b) Hybrid PM-assisted SynRM.
[image: ]
[bookmark: _Ref404163871]Fig. I.6 Peak to peak torque ripples for different stator current amplitude.
[bookmark: _Toc396210681][bookmark: _Toc409958939]I.2.5 Efficiency Map
The calculated efficiency maps of IM and hybrid PM-assisted SynRM are shown in Fig. I.7. Same conclusion can be obtained as that in section 6.4.2.5. The maximum efficiency of IM with copper squirrel cage is about 2~3% lower than hybrid PM-assisted SynRM.
[image: ]
(a)
[image: ]
(b)
[bookmark: _Ref404163884]Fig. I.7 Efficiency maps. (a) IM. (b) Hybrid PM-assisted SynRM.
[bookmark: _Toc396210682][bookmark: _Toc409958940]I.2.6 Cost
The material costs of IM and hybrid PM-assisted SynRM are compared in this section. The weight and material cost of IM and hybrid PM-assisted SynRM are listed in Table I.2. The cost of IM is ~12% lower than hybrid PM-assisted SynRM.
[bookmark: _Ref404163383]Table I.2 Material costs of IM and Prius 2010 IPM
	
	IM
	Hybrid PM-assisted SynRM

	Stator copper mass (kg)
	1.61
	1.61

	Iron mass (kg)
	6.95
	6.06

	Rotor copper/PM mass (kg)
	1.71
	0.188 (NdFeB)
0.697 (Ferrite)

	Total mass (kg)
	10.28
	8.57

	Stator copper (£)
	11.3
	11.3

	Iron (£)
	13.9
	12.1

	Rotor copper/PM (£)
	11.9
	18.8 (NdFeB)
5.57 (Ferrite)

	Total (£)
	37.2
	47.8


[bookmark: _Toc409958941]I.3 Conclusion
Similar conclusions can be drawn as those in Chapter 5. The electromagnetic performance of IM is competitive to hybrid PM-assisted SynRM under high electric load, in terms of torque capability, torque-speed characteristic in constant torque region and power factor, but poorer under low electric load. The maximum output torque of IM for rated current is around 18% lower than that of hybrid PM-assisted SynRM. The flux-weakening performance of IM is always poorer than hybrid PM-assisted SynRM. The torque ripple of IM is much lower than hybrid PM-assisted SynRM. The overall efficiency of IM is lower than hybrid PM-assisted SynRM, and the maximum efficiency of IM is approximately 2~3% lower than that of hybrid PM-assisted. The material cost of IM is ~20% lower than that of hybrid PM-assisted SynRM.

[bookmark: _Ref404329085]
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