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Air-gap Field Distribution in Interior Permanent Magnet Machine 
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This paper proposes an effective analytical modeling for considering the stator slot-opening effect on air-gap field distribution in an 

interior permanent magnet (IPM) machine. Unlike the simple surface PM (SPM) machine situation, an additional effect of slot-opening 

uniquely exists in IPM machine, that the magnet pole flux distortion in the IPM rotor core increases the air-gap flux density. This 

analytical modeling is built for precisely considering the flux concentration. The assistant modeling coupled with basic analytical 

model of IPM motor is then applied to analyze the air gap field distribution, and its validity is well confirmed by finite element method.  

 
Index Terms—Analytical method, assistant models, effective pole-arc, finite element method, SPM/IPM machine  

 

I. INTRODUCTION 

ue to high efficiency, high power density, and high torque 

density, together with the development of permanent 

magnet (PM) material and power electronics, the PM 

brushless machines are increasingly being used in various 

applications, such as variable-speed drives, servo drives, 

electric vehicles, and other industrial drives [1].. 

Compared with surface-mounted PM (SPM) machines, 

interior-type PM (IPM) machines have superior advantages on 

robust rotor construction and high reluctance torque due to the 

unique rotor structure that PMs buried inside rotor core [2]. 

However, the complex rotor structure increases the difficulty 

and time-consuming in IPM machine designs.  

From the previous work [3], [4], a well-accepted analytical 

model of typical SPM machine is built with consideration of 

slot-opening effect on the air-gap flux density distribution, in 

APPENDIX. Under an assumed field pattern between rotor 

and stator surfaces, the flux crosses the magnet and air-gap in 

a straight line, wherever a magnet faces a tooth and in a 

circular path, centred about the corner of a tooth, wherever a 

magnet faces a slot opening [3], the slot-opening effect is well 

considered by using relative permeance method [3], [4]. 

Unlike the SPM motor structure, whose flux source (PM) 

closing to stator surface, the IPM motor inserts PMs into the 

rotor core, away from stator surface. This unique structure 

results in the flux pass through the high permeance rotor iron 

core before crossing out of rotor surface into air-gap, which 

results in the magnet flux concentrating on forward to the 

stator teeth regions, while avoiding to face to slot-opening 

regions. That is, the slot-opening has multiple effect on air-gap 

region and IPM rotor core, therefore the relative permeance 

method used for dealing with common slot-opening effect in 

SPM situation is not worked for IPM machine analysis. For 

considering this unique slot-opening effect phenomenon, an 

assistant analytical model is proposed in this paper, which 

helps to analytically predict the air-gap field distribution 

preciously. The validity of proposed analytical model is 

verified by comparing the analytical results with FEM solution. 

II. MODELS AND METHODS 

Analysis Model of an IPM Motor  

In this paper, a conventional 4-pole/24-slot (p=4, Qs=24) 

IPM motor (IPMM) with radial magnetization is built as an 

analysis model based on another SPM motor (SPMM) model, 

given in APPENDIX. These two models have identical 

machine dimensions, and use the same materials in analysis. 

Unique Magnetic Field in IPM Motor  

By performing FEM in the given IPMM model, the high 

saturated rib regions and flux distortion inside the IPM rotor 

core caused by the unique IPM rotor structure with slot-

opening effect can be found as shown in Fig. 1. Especially in 

Fig. 1(c), the magnet pole flux concentrates on forward to the 

teeth regions, while avoids to face to slot-opening regions 

before crossing rotor surface into air gap is clearly observed.  

m

PM

m

PM

 
(a). Analysis model of a conventional IPM motor 

 

 

(b). Emphasized flux path distortion (left) and saturated rib region (right) 
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(c). Magnet pole flux distortion phenomenon in IPM rotor core 

Fig. 1  Open-circuit analysis of magnetic field in IPMM model by FEM 
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Fig. 2  Comparison of air gap flux density in slotless/slotted IPMM by FEM 
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Fig. 2  Assumed flux distortion pattern for considering effective pole arc 

The magnet flux distortion due to slot-opening effect in 

IPM rotor core results in an increase of air gap flux density, as 

proved by FEM in Fig. 2. This flux distortion effect is 

described by a simplified model, as Fig. 3 shows, that the “α0” 

region has quite little flux crossing out to the slot-opening 

region, which also means that the effectiveness of “α0” regions 

as magnetic pole-arc “τpole” is lower. And, the visual air gap 

flux density under the teeth region will be enhanced because 

of the equivalently decreased magnetic pole-arc “τpole”.  

In this paper, an assistant model is built for analytically 

considering the flux distortion effect on the air gap field in the 

IPM rotor, as Fig. 4 shows. The assistant model is built 

according to the magnet pole flux distribution in slotless and 

slotted models, respectively. In model (a) and (b), the total 

magnet flux ψrotor of one PM pole is divided into ψslot part and 

ψtooth part. Then, the decreased flux of ψ’slot is compensated to 

the ψ’tooth part according to the comparison of tooth part 

(ψ’tooth/ψtooth) in slotted IPMM model. In model (c), the low 

flux density at slot-opening regions is dealt with by improving 

the relative permeance calculated by using conformal mapping 

method [5], for considering the flux distortion, as Fig. 5 shows.  
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(2). Flux distortion due to slot-opening effect: 
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(3). Coefficient factor of magnet flux concentration: 
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(a) IPM flux crossing rotor core into air gap in slotless model 
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(b) Assumed IPM flux separately crossing into air gap in slotless model 
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(c) Assumed IPM rotor flux separately crossing into air gap in slotted model 

Fig. 4  Assitant models for considering flux distortion effect in IPM motor. 
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Fig. 5  Relative permeance of slot-opening effect with flux distortion effect 
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Fig. 6  Analysis of slot-opening effect using refined relative permeance  

By utilizing the proposed assistant model, the slot-opening 

effect on the air gap flux density distribution accounting for 

flux distortion can be accurately considered by using refined 

relative permeance method. Then, Fig. 6 gives an analysis of 

slot-opening effect with different opening width. The 

proposed concentration factor can be used to consider the 

effectiveness of magnetic pole-arc in prediction of air gap 

field in IPMM using basic slotless analytical modeling [6], [7]. 

III. RESULTS AND DISCUSSES 

The air gap flux density waveform in the slotless IPM 

motor model can be assumed to be an approximate trapezium 

waveform [6], as Fig. 7 illustrates, in which the flux density 

“Bg” with the magnetic pole-arc "τpole" represents the magnet 

flux passes through rotor core and radial disperse into the air 

gap, while the leakage flux exists in the ribs regions of flux 

barriers are simplified dealt with its width of "b" and saturated 

flux density of "Bsat". In order to simplify the field analysis in 

IPMM, some assumptions are made first, as following [7]: 

(a). the permeability of iron is infinite. 

(b). the rib region is fully saturated at constant value Bsat. 

(c). the width of rib b is small enough compared to pole-arc. 

It is easy to use a lumped circuit method to analyze the 

magnetic field in slotless IPMM [7], by which the air gap flux 

density distribution can be well predicted, as Fig. 8 shows.  

And the air gap flux density in slotted models can be predicted 

well using improved relative permeance, as Fig. 9 show. 
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Fig. 7  Assumed air gap flux density distribution in slotless IPM motor  
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Fig. 8  Comparison of air gap flux density in slotless IPM motor model 
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Fig. 9  Prediction of air gap flux density in slotted IPM motor model 
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CONCLUSION 

 An effective assistant model was proposed to consider the 

unique slot-opening effect on the air gap field distribution in 

IPM motor. This analytical modeling describes the magnetic 

flux distortion phenomenon in IPM rotor core caused by slot-

opening and accurately compensates the prediction of air gap 

flux density with considering the decreased effectiveness of 

magnet pole-arc. This assistant model helps to apply analytical 

methods to IPMM design instead of time-consuming FEA.  

APPENDIX 

A typical SPMM model is given, as Fig. A1 shows. There 

isn’t flux concentration phenomenon caused by slot-opening 

effect, as proved by FEA in Fig. A3, the common relative 

permeance method Fig. 2 and (A1)~(A2), helps to predict the 

air gap flux density distribution in SPMM, as Fig. A4 gives. 

 

m

PM

m

PM

 

(a). Analysis model of a typical SPMM 

 

 

(b). Magnet flux distribution in SPM 

Fig. A1  Open-circuit analysis of SPMM by FEA 
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Fig. A2  Analysis model for relative permeance of slot-opening effect in SPM 
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Fig. A3  Comparison of air gap flux density in slotless/slotted SPMM by FEA 
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Fig. A4  Comparison of predicted air gap flux density in SPMM with FEA 
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