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Abstract  Magnetic saturation is one of the major challenges for all electrical machines and makes it much more difficult to design high performance electrical machines. Frozen permeability (FP) technique has recently been developed to predict the on-load components of electromagnetic qualities while considering the influence of magnetic saturation. In this paper, the FP technique and its applications in various electrical machines are comprehensively reviewed. It shows that the FP technique is able to accurately separate on-load magnetic field, flux linkage, and inductance components in all types of electrical machines. These on-load field components and parameters can be further utilized to investigate various on-load performance, such as on-load torque and torque ripple components, on-load back EMFs and voltages, flux weakening performance, radial force distribution, et al. The accurate on-load parameters can also be used to improve the machine models and controls. Hence, FP technique provides a holistic approach to the development of high performance electrical machines.
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0  Introduction
Due to global energy security and environmental concerns, significant efforts have been made on exploiting renewable and sustainable resources of energy, such as wind power, solar power, and tidal power, etc. Electrical machines and drives represent one of the key enabling technologies for exploiting these energy resources. Meanwhile, electrical drives also exhibit the advantages of high efficiency, fast response and accuracy. These advantages coupled with recent advances in computational capabilities and power electronics have accelerated the pace of replacing conventional mechanical, hydraulic, or pneumatic propulsion and transmission systems by electrical systems for various applications[1-4].
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)In electric drive systems, the system performance largely depends on the electrical machines employed. Progress in the materials, power electronics, and control technologies over the past few decades has enabled the developments of various electrical machines[1-12]. The major electrical machine techno- logies are summarized in Fig.1. Historically, electric drives were dominated by induction machines (IM) and electrically excited (EE) machines. However, more recently, new machine technologies such as permanent magnet (PM) machines have become more popular due to high torque density and efficiency, especially when high energy rare-earth permanent magnet materials are employed. Switched reluctance (SR) and synchronous reluctance machines are developed by utilizing reluctance torque. The torque densities of reluctance machines are similar to IM's and hence reluctance machines are usually considered as alternative options to IMs, albeit with a low power factor. However, electronic controllers are inevitably required to operate reluctance machines. Hybrid electrical machines are developed by uniquely integrating different machine technologies. Due to the variety ways of integration, a large number of hybrid electrical machines have been developed and are one of the most popular research topics under investi- gation[12].
Despite of variety technologies, one of the major challenges for all electrical machines is the magnetic saturation. This is due to the nature of nonlinear soft magnetic materials. The magnetic saturation affects nearly all aspects of electrical machines, such as magnetic field distributions, flux linkages, voltages, average torque and torque ripple, overload capability, inductances, flux weakening capability, torque speed curve, iron losses and efficiency. More importantly, the magnetic saturation makes it much more difficult to predict the breakdown contributions and/or 
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Fig.1  Classification and cross-sections of different electrical machines
components of aforementioned performances. However, in order to develop high performance electrical machines, it will be greatly helpful to reveal the relationships between the design parameters and the breakdown contributions/components of aforemen- tioned performance under different loadings.
On the other hand, with the progress of finite element software, frozen permeability (FP) technique has been developed and becomes available in the commercial software. The FP technique is able to calculate the electromagnetic qualities while con- sidering the influence of magnetic saturation and hence widely used to investigate the issues related with magnetic saturation. Thus, it can provide strong technical supports on developing high performance electrical machines.
In this paper, the advanced FP technique and its applications in various electrical machines are comprehensively reviewed. The principle of FP technique is described in section 1. The sections 2～9 are devoted to the applications of FP technique on different topics of PM machines, such as on-load magnetic field, flux linkages and inductance estimation, separation of torque components, on-load cogging torque, on-load torque ripple, on-load back EMF, on-load voltage waveforms, flux weakening et al. The applications of FP technique to other technical issues and other types of electrical machines are highlighted in sections 10 and 11.
1  Principle of Frozen Permeability
The early publications on FP technique can be found in Ref.[13-16]. Currently, FP technique has been widely used in all types of electrical machines to investigate the issues related with magnetic saturation and cross-coupling as will be shown later. Taking PM machines as an example, the principle of FP technique is illustrated in Fig.2. 
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Fig.2  Principle of frozen permeability technique
When a PM machine is on load, the machine is excited by both the PM and the armature current. The resultant operating point can be presented by point 1 (Hall and Ball). It is well known that due to nonlinear B-H curve of soft magnetic material, although Hall=HPM+Hi, Ball≠BPM+Bi, where BPM represents the resultant flux density with the PM excitation (HPM) only (point 2) and Bi represents the resultant flux density with the armature excitation (Hi) only (point 3). Therefore, the on-load field components due to PM and armature cannot be accurately decomposed by using conventional calculations with the PM or armature excitation only. 
The FP technique is based on the fact that all excitations always share the same permeability distribution when electrical machines are on load. Hence, the on-load permeability all is obtained and stored by solving the on-load model (point 1). Then, two linear analyses represented by the points 4 and 5 are solved further based on the frozen µall with either the PM or armature excitation only to obtain B(FP,PM) or B(FP,i), respectively. Since all three calculations are based on the same permeability (all), Ball= B(FP,PM)+B(FP,i). Therefore, the on-load PM and armature field components are decomposed. Further- more, since all varies with the load conditions, the influence of magnetic saturation and cross-coupling has been inherently taken into account. 
Based on the principle of FP technique, its procedure can be summarized in Fig.3. Firstly, the nonlinear calculation with all excitations, referred as the whole model, is solved. Secondly, the permea- bility of the whole model, referred as the on-load permeability, in each element and at every rotor position is saved and frozen. Finally, linear calcula- tions are conducted based on the on-load permeability to obtain the on-load magnetic field components of the selected excitations. 
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Fig.3  Procedure of frozen permeability technique
Although the illustration in Fig.2 is based on a PM machine, the FP technique is applicable to all types of electrical machines. Also the selected excitations for the linear calculations can be tailored according to investigated topics. For example, to obtain the on-load PM or armature magnetic field component in PM machines, only the PM or armature excitation is applied in the linear calculation[13,16]. To study the cross-coupling inductances between the d- and q-axes in PM machines, only the d- or q-axis current is applied[13,16]. To investigate the mutual coupling between phases in SR machines, only one phase current is applied[17]. 
The major challenge for the FP technique is the experimental validation, since the exact quantities that are calculated in the FP technique cannot be measured directly. Although it is tried in Ref.[18], various further work on experimental validation needs to be done. However, on the other hand, the FP technique has been widely accepted based on the fundamental magnetic circuit theory and used for on-load magnetic field separation and parameter predictions in various types of electrical machines.
In following sections, the applications of the FP technique are comprehensively reviewed. Since the most of the applications are on different technical topics of PM machines, only one of following sections is focused on the applications on the other types of machines and will presented at the end. For the rest sections, the publications are grouped according to different research topics, such as on-load magnetic field separation, on-load flux linkages and inductance calculation, torque component separation, et al. 
2  On-Load Magnetic Field Separation
On-load magnetic field separation is the basic purpose of the FP technique and the foundation for all further investigations. Nearly all investigations using FP technique involve the on-load magnetic field separation, although the on-load magnetic field results may not be presented. 
Fig.4 and Fig.5 show the on-load magnetic field components of an inset PM machines presented in Ref.[19] as an example. The peak phase current Ia is 4A, the current phase advance angle to the positive q-axis =0°and the rotor position  is 0°(electrical). The main parameters of the inset PM machine are listed in Tab.1. It can be seen that the on-load magnetic field and permeability distributions in Fig.4 are neither symmetrical with the d-axis nor with the q-axis. This is due to the influence of armature field. Consequently, the on-load PM magnetic field with the 
[image: 出片图片\1000\100004a.tif]
(a) Whole field (PM and current)      (b) On-load permeability
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(c) On-load PM field (FP)       (d) On-load armature field (FP)
Fig.4  On-load field distributions of inset PM machine when Ia=4A, =0° and =0°[19]
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(a) Radial flux density components
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(b) Tangential flux density components
Fig.5  Flux density components at middle of airgap of inset PM machine when Ia=4A, =0° and =0°[19]
Tab.1  Main parameters of inset PM machine in Ref.[19] 
	Parameters
	Value

	Outer diameter/mm
	106

	Stator inner diameter/mm
	62

	Pole number
	6

	Slot number
	18

	Airgap length/mm
	0.75

	Axial length/mm
	30

	Number of turns per phase
	152

	Magnet thickness/mm
	18.2

	Rated current (peak)/A
	4A

	Remanence/T
	1.17

	Coercive force/(kA/m)
	891



PM excitation on the d-axis has the net q-axis flux linkage. The q-axis current also produces net d-axis flux linkage. Fig.5 shows the radial and tangential flux density components along the middle of the airgap in Fig.4 to illustrate the on-load magnetic flux density separation. It shows that for each sample point, the flux density in the whole model is the same as the mathematic summation of the two flux density components produced with either on-load PM or armature field only. This is also true for any other rotor position and load condition. Hence, the on-load magnetic field components can be successfully separated while the influence of magnetic saturation and cross-coupling has been taken into account.
Other examples of separated on-load magnetic field distributions and flux densities in PM machines can be found in Ref.[20-34]. In Ref.[20], the on-load PM and armature magnetic field distributions and airgap flux densities in a large power linear PM machines are obtained to explain the reduction of trust force density. In Ref.[23], the on-load airgap PM and armature flux density components in a surface- mounted PM (SPM) machine with eccentricity are obtained by the FP finite element analyses to validate the analytical model based on improved conformal mapping method. 
Based on the on-load magnetic field separation, various on-load components of electromagnetic quantities such as flux densities and flux linkages can then be calculated for further investigations.
3  On-Load Flux Linkages and Inductances Analyses
For PM machines, the PM flux linkages and inductances are most important parameters in terms of the machine design, modelling and control. The inductances represent the armature flux linkages with the given armature currents. However, it is well known that the constant PM flux linkage and indu- ctance models may result in significant inaccuracy due to the influence of magnetic saturation. Since the FP technique is able to consider the influence of magnetic saturation, it is widely used for the calcu- lation of PM flux linkages and inductances. 
In Ref.[13,16,19, 24], it has been well illustrated that the average PM flux linkage and inductances per electric cycle can significantly change with load. Consequently, they are 2D functions of both d- and q-axis armature currents (or the current amplitude Ia and the phase advance angle ). Furthermore, there are cross-coupling between the d- and q-axes as well as the net average q-axis PM flux linkage. Hence, the full average flux linkage model for PM machines should be expressed as

（1）

 （2）
where d and q are the total d- and q-axis flux linkages, respectively. d(PM), q(PM), d(i) and q(i) are the d- and q-axis flux linkages due to on-load PM and armature fields, respectively. Id and Iq are the d- and q-axis currents, respectively. Ldd, Lqq, and Ldq are the d- and q-axis self- and mutual inductances, respectively. 
Please note that q(PM) and Ldq are due to the cross-coupling between d- and q-axis. Furthermore, except the variation of average values with the current amplitude Ia and phase advance angle , the flux linkages and inductances also change with the rotor position. Fig.6 shows the variations of on-load flux linkages of the inset PM machine listed in Tab.1 with the rotor position when Ia=4A and  =0° as an example. It also confirms that not only the instant- aneous q(PM) but also its average are not zero. The
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(a) d-axis flux linkages
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(b) q-axis flux linkages
Fig.6  Variation of flux linkages with rotor position of inset PM machine when Ia=4A and =0°[19]
average d(i) is also not zero, although only q-axis current is applied.
The variation of average flux linkages and inductances with  is further presented in Fig.7. The influence of magnetic saturation is represented by the variation of d(PM), Ldd, and Lqq. When =90°, the d-axis magnetic saturation is the heaviest. Hence, d(PM) and Ldd are at their minimum. When =0°, Id is zero and Iq is maximum. The magnetic saturation is modest along the d-axis but the heaviest along the q-axis. Therefore, d(PM) and Ldd are higher while Lqq
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(a) d-axis flux linkages
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(b) q-axis flux linkages
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(c) Inductances
Fig.7  Variation of average flux linkages and inductances of inset PM machine with  when Ia=4A[19]
is the lowest. When =90°, Id is at the negative maximum and the magnetic saturation along the d-axis is the lowest due to the maximum flux weakening. Therefore, d(PM) and Ldd are at the maximum. The influence of cross-coupling is represented by the variation of q(PM) and Ldq. The cross-coupling is zero and hence q(PM) and Ldq are zero when =±90°, since all excitations are applied to the d-axis. Although Iq is maximum when =0°, the cross-coupling is the heaviest when =30°. It is due to that the cross-coupling is aggravated by the magnetic saturation.
Some of the other examples of on-load flux linkage and inductance calculation using FP technique can be found in Ref.[15, 24, 31]. In Ref.[15], the d- and q-axis inductances are predicted based on the combination of FP and stored magnetic energy method to improve accuracy of torque estimation in a 36-slot/4-pole (36s/4p) IPM machine. In Ref.[24], the on-load PM flux linkages and inductances are calculated for the output torque estimation of a 30s/36p inset PM machine. It shows the torque variation with the current phase advance angle can be predicted more accurately when the cross-coupling term is taken into consideration. In Ref.[25], flux linkage components are obtained for the inductances and torque components comparison between two 5-phase 20-slot fault-tolerant PM machines. One has 18-pole spoke-type rotor and the other one has 20-pole V-shape rotor. In Ref.[26], the variations of average line inductance and its ripple with the load of a 24s/4p SPM machine driven by a 6-step 3-phase BLDC inverter are calculated. The FP technique is also employed to calculate the self- and mutual inductances between different phases in a tubular permanent magnet machine with transverse flux configuration for electromagnetic launch (EML) applications in Ref.[27,28], the d- and q-axis inductances of variable-flux flux-intensifying PM machine in Ref.[29], and the d-axis flux linkage components of stator slot PM machine with doubly salient structure in Ref.[30]. In Ref.[31], the on-load PM flux linkage of double-stator flux-switching PM machine using ferrite magnet is calculated by FP technique to explain the torque deterioration due to magnetic saturation under heavy load.
4  Separation of Torque Components 
Based on the flux linkage components and inductances, it is then possible to discuss the torque component separation. Before the torque component separation, it is necessary to review the torque calculation theories. 
The Maxwell stress tensor and virtual work principle are two most widely used methods for torque calculation. It is well-known that these two methods are identical for torque calculation in normal FE simulations although attention should be paid to the mesh discretization[32,33]. This is also confirmed by Fig.8, which shows the instantaneous torque waveforms of the inset PM machine listed in Tab.1 when Ia=4.0A and =30°. The torque calculation using virtual work principle is given as 

   （3）

  （4）

where  is the magnetic co-energy. Win and Tin are the input energy and corresponding torque. Wm is the stored magnetic energy in the machine. m is the rotor position in mechanical angle.
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Fig.8  Torque components of inset PM machine when Ia=4.0A and =30°[19]
Since ∂Wm/∂m, d/d, and q/d have no contribution to the average torque based on the fact that the magnetic field repeats every cycle, the average torque can also be calculated by the classical dq0 model in Equ.(5). Since Equ.(5) does not require derivative operation and the calculation of magnetic energy, it is much simpler and more widely used for torque calculation. However, it should be noted that the classical dq0 model in Equ.(5) is only able to predict the average torque but not the instantaneous torque.

         （5）
Combined with FP technique, there are two possible ways of torque component separation. One is based on the Maxwell stress tensor method[34,35] and the other one is based on the virtual work principle[13,33]. However, it is found in Ref.[33] that due to the influence of equivalent rotational magnetic saliency in the stator, a part of PM torque will be improperly attributed to the reluctance torque when the Maxwell stress tensor method is used together with the FP technique. This is eliminated by using the virtual work principle. Therefore, the on-load torque components separation should be based on the combination of virtual work principle and FP technique. Thus, the average torque com- ponents can be separated based on the flux linkage components obtained by the FP technique as 

         （6）

        （7）

        （8）

         （9）

      （10）

       （11）
where TPM, TPM(d), and TPM(q) are the PM torque and its components due to d(PM) and q(PM) respe- ctively. Tr, Tr(d-q), and Tr(dq) are the reluctance torque and its components due to the self-inductances and mutual inductance, respectively.
As an example, the torque component variation with the current phase advanced angle of the inset PM machine when Ia=4.0A is shown in Fig.9. 
The average torque separation method suggested 
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(a) Main torque components
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(b) Torque components due to cross-coupling
Fig.9  Torque components of inset PM machine 
when Ia=4.0A[19]
in Ref.[33] is widely accepted and used for various types of PM machines, such as 5-phase 20-slot spoke- type and V-shape fault-tolerant PM machines[25], 24s/4p SPM machine driven by a 6-step 3-phase BLDC inverter[36], 6s/4p asymmetric V-shape, surface
inset, interior PM (IPM) machines[37-39], 12s/22p switched flux PM machine[40], 12-slot/10-pole SPM machine[41], modular linear flux reversal PM motors[42], and 12s/10p hybrid excited switched flux PM machines[43]. Although the torque component separation is also based on the flux linkage components, the torque components may be defined differently as shown in Ref.[16, 44, 45]. 
Except the above mentioned publications, Ref.[46] suggests another possible way of torque component separation method based on the com- bination of the Maxwell stress tensor and the FP technique. Instead of two linear calculations with either PM or all armature currents, six calculations which are all possible combinations of PM, Id and Iq, are carried out based on the on-load permeability. Then, six torque components are mathematically calculated from the six torque results of six linear analyses based on the Maxwell stress tensor. However, the improper torque attribution due to the influence of equivalent rotational magnetic saliency in the stator remains.
5  On-load Cogging Torque Analyses
For PM machines, cogging torque is another widely investigated topic. The cogging torque is produced by the interaction between the rotor PM and the stator magnetic reluctance variation. It is merely a pulsating torque and has no contribution to the average torque. For the open-circuit cogging torque, it can be calculated either by the Maxwell stress tensor and the virtual work principle as

  （12）

           （13）
where 0 is the permeability of free air space. Lef is the effective axial length. r is the radius of integration path. Bn(open) and Bt(open) are the normal and tangential airgap flux density components on open-circuit, respectively.
For the on-load cogging torque, several calculation methods are suggested by analog with the open-circuit ones in Equ.(12) and Equ.(13). By analog with Equ.(12), the on-load cogging torque in Ref.[22, 34,35] is computed as 

（14）
where Tmw(FP, PM) is the calculated torque based on the Maxwell stress tensor with on-load PM field only. Bn(FP, PM) and Bt(FP, PM) are the normal and tangential airgap flux density components due to the on-load PM field only.
Being analog with Equ.(13), it is mentioned in Ref.[47] that the on-load cogging torque can be calculated as the derivative of the total magnetic energy with respect to the rotor position at constant current

       （15）
However, it is inappropriate since the total magnetic energy is also contributed by the armature field when the machine is on load.
In Ref.[34], the on-load cogging torque is calculated in a slightly different way as

      （16）
where Wmlc is the magnetic energy stored in the system less the magnetic energy stored in the coils and includes components as airgap, magnets, rotor and stator steel and any other motor regions, which are not parts of the coils. 
However, without using the FP method, tech- nically, it is impossible to separate the magnetic energy due to the armature field, since the on-load PM and armature fields exist in every region and are coupled each other. Hence, it is also inappropriate.
In Ref.[48], an improved FP technique is suggested to calculate the on-load cogging torque based on the on-load PM field magnetic energy derivation using Equ.(17). This method is also used later in Ref.[40].

    （17）
where Wm(FP, PM) is the total magnetic energy with on-load PM field only.
Fig.10 compares the torque results calculated by Equ.(14) and Equ.(17) of the inset PM machine listed
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(a) By Equ.(14) based on Maxwell stress tensor
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(b) By Equ.(17) based on magnetic energy derivation
Fig.10  Torque results of inset PM machine with on-load PM field only when Ia=4.0A[19]
in Tab.1. It shows that Tmw(FP,PM) has non-zero average torque and hence cannot be exactly the on-load cogging torque. This is due to the improper torque attribution caused by the equivalent rotating magnetic saliency in the stator[33,48]. By using Equ.(17), the improper torque attribution is inherently eliminated while the influence of electric load and magnetic saturation is still fully included. Hence, the on-load cogging torque can still be obtained properly and shown in Fig.10b.
6  On-load Torque Ripple Analyses 
On-load torque ripple is undesirable since it could result in noise and vibration and is harmful to precise rotor position control. In PM machines, the on-load torque ripple is contributed by PM torque ripple, reluctance torque ripple and on-load cogging torque. However, the on-load torque ripple is often investigated as single resultant quantity. With the help of FP technique, it is possible to identify the contribution and variation of each on-load torque ripple component. This would greatly help the machine designs.
In Ref.[22], the on-load torque ripple of a 12s/10p IPM machine with rotor shaping is further investigated based upon the calculation of the on-load cogging torque, the on-load back EMF and the inductance variation. In Ref.[41], all on-load torque ripple components are calculated using FP technique. The design trade-off between the open-circuit cogging torque and the on-load torque ripple is then investigated in a 12s/8p SPM machine having different slot openings. In Ref.[49], an analytical model is developed to predict the on-load transient torque of IPM machines by including not only the fundamental but also the harmonics of flux linkages. The flux linkage harmonics are segregated by FP technique to further explain the torque ripple variation. By way of example, on-load torque components as well as the variation of torque ripple components with the slot opening in a 12s/8p SPM machine are presented in Fig.11[41]. 
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(a) On-load torque components when slot opening is 1mm
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(b) Variation of torque ripple components with slot opening
Fig.11  On-load torque components and variations of torque ripple components with slot opening in a 12s/8p SPM machine when Ia=10A and =0°[41]
7  On-load Back EMF Analyses
Back EMF, which is produced by PM, is one of the most important quantities regarding the terminal voltage and output torque, both their average value and ripples. Normally, the back EMFs are investigated under the open-circuit condition. Due to the influence of magnetic saturation, the on-load back EMF can be significantly different from the open-circuit EMF. With the help of the FP technique, the on-load back EMF can be obtained based on the on-load PM flux linkage variation with the rotor position.
The relevant investigations on the on-load back EMFs can be found in Ref.[21,22] on a 12s/10p IPM machine with rotor shaping, Ref.[35] on a 12s/4p SPM machine, Ref.[50] on 24s/4p, 36s/6p, and 48s/8p multi-layer IPM machines as well as Ref.[51] on a 24s/4p SPM machine driven by a 6-step 3-phase BLDC inverter. All these investigations show that the on-load back EMFs are influenced by the electrical loading and can be significantly different from the open-circuit back EMFs. By way of example, the open-circuit and on-load back EMFs waveforms in Ref.[21] are presented in Fig.12.
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Fig.12  Open-circuit and on-load phase back EMF waveforms of 12s/10p IPM machine in Ref.[21]
8  On-load Voltage Waveform Analyses
When the load changes, not only the on-load back EMF but also the on-load voltage are affected. More importantly, the on-load voltage waveform may be greatly distorted from sinusoidal even when the open-circuit back EMFs are designed to be sinusoidal, as will be shown later. This on-load voltage distortion is harmful to various performance, especially the torque- speed curve. In order to investigate the mechanism of the on-load voltage distortion in various PM machines, the FP technique is employed in Ref.[52-57]. 
The investigation in Ref.[53] is focused on a 12s/8p SPM machine with its parameters and cross-section given in Tab.2 and Fig.13. The influence of slot/pole number combination in SPM machine is carried out in Ref.[54]. The investigation in Ref.[55] is focused on the fractional slot IPM machine while the influence of slot/pole number combination in IPM machine is carried out in Ref.[56,57] is focused on the comparison of torque-speed curves between 42s/8p and 48s/8p IPM machines considering the on-load voltage distortions.
Fig.14 and Fig.15 show the waveforms of the voltage and flux linkage components of the 12s/8p SPM machine in Ref.[52] as an example. The machine parameters and cross-section are given in Tab.2 and Fig.13. It can be seen from Fig.13 that although the open-circuit back EMF is sinusoidal, the on-load voltage waveform is greatly distorted from sinusoidal and exhibits sharp voltage spikes. Based on the FP technique, it can be seen from Fig.14 that the sharp voltage spikes are results of sudden changes of both the PM and armature flux linkages. The sudden flux 

Tab.2  Main parameters of 12s/8p SPM machine[52]
	Parameters
	Value

	Stator outer diameter/mm
	100

	Split ratio
	0.57

	Tooth width/mm
	8

	Slot bridge thickness/mm
	0.6

	Magnet thickness/mm
	3.0

	Rated current/A(peak)
	10

	Magnet permeability
	1.05

	Magnet material
	N35SH

	Axial length/mm
	50

	Airgap length/mm
	1.0

	Back iron thickness/mm
	4.2

	Turns per phase
	184

	Pole arc/pitch ratio
	0.86

	Phase resistance/
	0.5

	Magnet remanence
	1.2T

	Lamination material
	M300
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Fig.13  Cross-section of 12s/8p SPM machine in Ref.[52]
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Fig.14  Open-circuit phase back EMF and on-load (Ia=10A and =0°) terminal voltage waveforms of 12s/8p 
SPM machine[52]
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(a) Flux linkages
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(b) Voltages
Fig.15  Flux linkage and voltage components of 12s/8p SPM machine when Ia=10A and =0°[52]
linkage changes are further due to the variation local magnetic saturation in the tooth-tips as shown in Fig.16.
9  Flux Weakening Performance Analyses
Flux weakening control is an essential technique
[image: ..\..\..\图片\新建文件夹\1000\100016a.tif]
(a) Locations of detecting points
[image: 出片图片\1000\100016b.tif]
(b) Variation of permeability in tooth-tips
Fig.16  Relative permeability for tooth-tip bridges between each phase coils of 12s/8p SPM machine when Ia=10A and =0°[52]
to achieve wide constant power speed range which is very often required for high performance electrical machines, such as electric vehicle applications. However, the constant parameter machine models could result in significant inaccuracy on the flux weakening performance prediction[15,58]. By using FP technique, the on-load flux linkages and inductances can be calculated. Then, it is possible to predict the flux weakening performance more accurately. The examples for flux weakening performance prediction based on FP technique calculated parameters can be found in Ref.[13,15,22,25,52-57,59]. However, it should be noted that the flux weakening performance prediction only based on the fundamental component of phase flux linkages (or average d- and q-axis flux linkages) could also result in large inaccuracy when the on-load voltage is distorted from sinusoidal[52-57]. It is due to that the voltage distortion will make the peak voltage much larger than the fundamental value. Consequently, the machine enters the flux weakening operation much earlier when the DC bus voltage UDC is fixed. 
The influence of on-load voltage distortion on the flux weakening performance of the 12s/8p SPM machine listed in Tab.2, which is presented in Ref.[52], is shown in Fig.17 as an example. It can be seen that the actual base speed considering the voltage distortion is much lower than the one considering the fundamental components only. The maximum torque in the deep flux weakening area also drops much faster when considering the voltage distortion.
  [image: ..\..\..\图片\新建文件夹\1000\100017a.tif]
(a) Torque and torque ripple against speed
[image: 出片图片\1000\100017b.tif]
(b) d,q-axis currents against speed
Fig.17  Variation of torque-speed characteristics for different calculation methods of 12s/8p SPM machine 
when Ia=10A and UDC=42V[52]
10  Analyses on Other Issues
Except the aforementioned parameters and per- formance, the FP technique has also been used to help investigating other issues in PM machines. For example, in Ref.[60,61], the radial fore distributions are analyzed based on the on-load airgap flux density components. In Ref.[62], the on-load PM leakage flux through the iron bridge of an IPM machine with segmented PMs is obtained to explain the enhance- ment of its flux weakening capability.
11  Applications to Other Types of Electri- cal Machines
With the foregoing sections focused on the applications in PM machines, this section is dedicated to the applications of the FP technique to the other types of electrical machines.
The relevant applications to induction machines can be found in Ref.[63-65]. In Ref.[63], the FP technique is used to identify the influence of local magnetic saturation near the broken rotor bar on the stator current. In Ref.[64,65], the FP method is employed to calculate the equivalent circuit para- meters of induction machines, especially the leakage inductances.
For electrically excited machines, the relevant publications can be found in Ref.[66-68]. In Ref.[66], the on-load magnetic field and flux linkage com- ponents are obtained to explain the terminal voltage increase of a PM-assisted salient pole electrically excited machine. In Ref.[67,68], variation of inductances with the load is calculated to improve the maximum torque per ampere control of electrically excited machine under heavy magnetic saturation operations. 
The investigations in Ref.[17] and Ref.[69] are on SR machines. In Ref.[17], the on-load phase flux linkage variations are obtained to explain the influ- ence of mutual coupling effect on torque production in SR machines having different winding topologies. In Ref.[69], the self- and mutual torques of conventional and mutually coupled SR machines are obtained based on the on-load self- and mutual flux linkages for performance comparison and selection of optimal current waveform. 
In Ref.[43], the FP technique is used on a hybrid excited switched flux PM machine to obtain flux linkages and inductances for further performance investigation including torque components and torque- speed curves. In Ref.[70], the torque separation is conducted by FP technique to assist the optimization of a hybrid rare-earth-free PM reluctance machine.
12  Conclusion
The FP technique and its applications in various electrical machines have been comprehensively reviewed in this paper. It shows that the FP technique is able to accurately separate on-load magnetic field, flux linkage and inductance components in all types of electrical machines. The on-load field components and parameters can be further utilized for com- prehensive on-load performance analyses, such as average torque and torque ripple, voltage, flux weakening and radial force distribution. The accurate parameters can also improve the machine models and controls. All these features are very useful on developing high performance electrical machines.
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