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Abstract—This paper develops an improved hybrid field 
model (IHFM) to predict the on-load performance of interior 
permanent-magnet (IPM) motors considering both iron 
saturation and slotting effect. It combines the air-gap 
analytical model based on modified conformal mapping 
with the reluctance mesh method for stator and rotor. The 
reluctance mesh method can accurately predict the rotor 
saturation and tooth-tip saturation even their field 
distribution is complicated due to armature reaction. 
Besides, IHFM will significantly accelerate computation 
speed using analytical model for air-gap region while 
keeping high accuracy. The finite-element analysis and 
experimental results of flat-type and V-type IPM motors are 
demonstrated to verify the effectiveness of the proposed 
model. 

 
Index Terms—Reluctance network, analytical model, 

conformal mapping, reluctance mesh method, interior 
permanent-magnet motor 

 

I. INTRODUCTION 

HE IPM motor has the advantage of high torque, high 

power density and high efficiency. It has been widely used 

and investigated in the research and industrial application. For 

accurate prediction of IPM motors, FE analysis is one of the 

good choices because it can account for the nonlinearity of 

magnetic materials and therefore achieve high accuracy [1]. 

However, it consumes huge computation and lacks the insight 

for motor design.  

In the stage of initial design and optimization, the circuit-

based model and the analytical model are usually employed to 

save the calculation time. For the circuit-based model of IPM 

motors, magnetic equivalent circuit model (MECM) calculates 

its lumped parameter based on the division of regular flux path 

[2]-[5] while reluctance network method (RNM) defines the 

network reluctance (RN) according to the certain mesh rules 

[6]-[7]. Hence, MECM can save much computation when 

calculating the magnetic field with the regular flux path and 

RNM exhibits high accuracy regardless the complexity of field 

distribution. However, MECM has poor performance in 

calculating flux density along the irregular flux path (e.g. air-

gap region and tooth-tip region) while RNM bears huge 

computational burden compared with MECM [8]. Besides, both 

circuit-based models have the disadvantage of reconstruction of 

circuit at different rotor position, which significantly increases 

the complexity to calculate time-varying performance.    

As for analytical model, the winding function theory is 

widely-used to calculate the magnetic motive force (MMF) 

according to the winding distribution and obtain the air-gap 

inverse function [9]. [10]. [11]. The rotor MMF function is 

modified in [12] to account for the pole-cap effect. However, 

these methods neglect the magnetic saturation and show low 

accuracy.  

The modified winding function combined with MECM is 

proposed in [13]-[16]. The flux line in the IPM motor at 

different rotor position is investigated to obtain the new 

equivalent air-gap function and computed the inductance under 

on-load condition [13]. Besides, the harmonic component of 

air-gap flux density considering PWM effect can be analyzed 

for magnet eddy-current loss calculation based on the 

combination of winding function and magnetic equivalent 

circuit (MEC) [14]. Elloumi et al. analyzed the flux weakening 

capability of IPM motors using modified winding function with 

simple MEC in dq-axis and obtained good prediction accuracy 

[16]. Compared to the original winding function model, these 

models have improved the calculation accuracy because they 

account for the magnetic potential drop in the iron region. 

However, the magnetic bridge saturation and tooth-tip 

saturation is too complex to be accurately modelled by simple 

MEC. Hence, an accurate stator and rotor permeance 

identification based on finite-element analysis was combined 

with winding function theory to show the accurate iron 

saturation [17].  

Compared with the winding function model which is a one-

dimension analytical model, the two-dimension analytical 

model based on Poisson or Laplace equation achieves higher 

accuracy for predicting air-gap field. It is extensively used in 

surface-mounted permanent magnet (SPM) motors due to the 

accurate modelling of PM in the air-gap region. The conformal 

mapping model based on one-pole-pitch region is proposed in 

[18] to predict the magnetic field of SPM motors. One-pole-

pitch region is necessary for SPM motors because the PM 

equivalent current is placed inside the air-gap region. 

Nevertheless, it can be optimized to one-slot conformal 

mapping for IPM motors as the PM equivalent current is on the 

interface between rotor and air-gap. Hence, the calculation 

burden is decreased. For IPM motors, the complex permeance 

model combined with FEM-based slotless air-gap field is 

proposed in [1]. However, it neglects the deformation of 

circular path for predicting air-gap field and therefore 

introduces larger error with smaller slot opening. The MECM 

combined with analytical model based on complex permeance 
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function [19]-[20] or subdomain technique [21]-[24] has been 

investigated to consider the stator saturation. Nevertheless, the 

rotor saturation is neglected in these models for SPM motors.  

Unlike the SPM motor whose PM produced field can be 

analytically calculated in [19]-[24], IPM motor cannot be 

directly analyzed using two-dimension analytical model since 

the rotor field distribution is complex and significantly affected 

by armature reaction. Mirazimi et al. proposed a conformal 

mapping model to represent the rotor saliency and stator 

slotting in the IPM motors. The air-gap field was calculated 

using conformal mapping technique but the bridge saturation is 

neglected [25]. With the aid of MECM, the rotor and stator 

saturation were included in the improved analytical model 

based on conformal mapping [26]-[27]. The subdomain-based 

analytical model for IPM motors is combined with MECM to 

accurately predict the electromagnetic performance in [28]-[29]. 

By applying the boundary condition between iron region and 

air-gap region, the iron permeability can be iteratively 

calculated for spoke-type IPM motors [28] and multilayer IPM 

motors [29]. However, these two-dimension analytical model in 

[26]-[29] can only analyze the open-circuit field of IPM motors. 

There are few papers about two-dimension analytical model for 

IPM motors under on-load condition due to the complex rotor 

saturation.   

In this paper, a computationally efficient IHFM combining 

RNM and MECM is proposed to account for both slotting effect 

and saturation effect with high accuracy for IPM motors. The 

analytical air-gap field calculation based on one-slot conformal 

mapping is introduced to replace the large air-gap RN. Hence, 

the RN and MEC will stay unchanged at any rotor position, 

which simplifies the network modelling. In the IPM motors, the 

armature reaction field has significant influence on the rotor 

bridge saturation and tooth-tip saturation. Hence, a novel RNM 

is used to accurately capture the magnetic potential drop along 

the rotor and tooth surface while MECM is introduced for the 

modelling of rotor yoke, stator yoke and tooth body. IHFM 

makes the best of computation resource to analyze the IPM 

motors under on-load condition with high accuracy and low 

computation. Finite-element analysis and experiments of two 

IPM motors with flat-type rotor and V- type rotor has been 

carried out to validate the proposed model. 

II. IMPROVED HYBRID FIELD MODEL 

There are two ways to look into the improved hybrid field 

model. In the view of a two-dimension analytical model, it 

incorporates the RNM and MECM to account for both PM-

produced field and iron saturation. .As a modified circuit-based 

model, the large air-gap RN is replaced by flux sources using 

analytical air-gap solution, saving much calculation time and 

decreasing the complexity of network modelling. Fig. 1 shows 

the schematic of IHFM for analyzing IPM motors. The region 

division with different calculation method is given as follows: 

Region III (air-region) is represented by analytical solution 

based on one-slot conformal mapping; Region II (tooth edge) 

and Region IV (rotor surface) are modelled using RN; Region I 

(stator tooth and stator yoke) and Region V (rotor yoke) are 

calculated using MECM. The coupling between analytical 

model and RNM is based on equivalent transformation between 

the equivalent virtual surface current and magnetic potential 

drop on the interface of Region III.  
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(a) V-type rotor                                 (b) flat-type rotor 

Fig. 1  The schematic of IPM motors using IHFM 

A. Novel reluctance network  

For IPM motors, the flux path in the rotor bridge and stator 

tooth-tip is irregular under on-load condition and they will 

significantly influence the air-gap field distribution. Hence a 

novel mesh cell is proposed to model these important regions 

with complex flux path, as shown in Fig. 2. Only three 

reluctances are used in the modular mesh cell with a flux source 

representing the air-gap field. The air-gap flux source is the key 

to incorporating the analytical model into the RNM. The 

rotation of rotor only changes the value of air-gap flux source 

and keeps the reluctance network unchanged. The air-gap flux 

is obtained from vector potential distribution  

 
1 2( )ak ef z zl A A = −  (1) 

where lef is the effective length of the IPM motor. The radial 

and tangential iron reluctance in the novel mesh cell is 

calculated by  
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where am is the angle of sectorial reluctance. r1 and r2 are the 

internal and external radius.   

ak
I1 I2 In

Az1

m

r1

r2

Grr1

Grt1 Grt1

Mesh Cell

V1 V2

Az2

 
Fig. 2  The modular mesh cell for the reluctance network. 

Based on the rectangular mesh method and novel mesh cell, 

the corresponding RN can be automatically generated without 

a priori knowledge of flux path. Hence, the proposed RNM 

representing stator tooth edge and rotor surface (red box in Fig. 

3) can be determined according to (2). As the air-gap 

reluctances are replaced by flux source, the calculation time 

will be shortened. Besides, the proposed RN is applicable for 

every rotor position, which is different from the dynamic RNM 

[8] or MECM [3]. In the IHFM, the number of modular mesh 

cells in the pole-shoe region and along the rotor surface are 

selected according to the saturation level. For the rotor bridge 

region with high saturation, the criteria for the number of 

modular mesh cell is gives as Grt1>>Grr1 when using the same 
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iron permeance. As for the pole-shoe region, the criterion of 

Grt1<Grr1 is obtained based on the lower iron saturation. Such 

choice will reach a good compromise between calculation 

efficiency and accuracy.   

As for Region I and Region V, their geometry is regular and 

the flux travels through these regions uniformly. Hence the 

MECM is proposed to calculate their magnetic potential 

distribution. In Fig. 3(a), the stator yoke reluctance Gsyk and 

stator tooth reluctance Gstk can be expressed as [3]  

st1

st2

st3

st5

st7st4

st6

st8

sy1

Gsy2Gsy1 Gsy3 Gsy4

G
st

1

G
st

3

G
st

2

G
st

4

F
s1

F
s2

F
s3

F
s4

a1

... ...

...

...

...

a2 a3 a4

...

...

...

st9

st10

st11

st12

modular mesh cell

 
(a) Stator region  

......
Fr1 Fr2

Gry1 Gry2

Gra1
Gra2

GPM1 GPM2

b1

b2
b3

b4

b5

modular mesh cell

 
(b) Rotor region  

Fig. 3  The RN and MEC for IPM motors. 
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where R3 is the stator external radius and hsy is the stator yoke 

height. Qs is the slot number. bt and ht are the width and height 

of stator tooth. In Fig. 3(b), the PM reluctance GPMk is calculated 

as [3]  
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where bPM and hPM are the width and height of PM. The rotor 

yoke iron Gryk and the iron between PM Grak is considered as 

trapezoidal and therefore they are expressed as  
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where atrap, btrap and htrap are the bases and height of trapezoidal 

iron. The calculation of magnetic voltage source in the stator 

and rotor can be seen in [8]. 

For the slot region with air permeability, its analytical 

solution can be directly obtained. Therefore, the slot flux source 

flowing into the stator teeth and stator yoke is proposed to 

improve the accuracy rather than MECM, as shown in Fig. 3(a). 

It is calculated by 
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where Azsyk and Azstk are the vector potential on the slot bottom 

and on the left/right side of slot region.  

B. Analytical model for air-gap region 

The keypoint of the improved hybrid field model is the 

accurate prediction of air-gap field. The analytical model based 

on one-slot conformal mapping is proposed to calculate the air-

gap field distribution instead of RNM while achieving high 

accuracy. The calculation speed will be significantly improved 

as the magnetic potential node is decreased. Besides, the 

dynamic construction of RN is avoided to reduce the modelling 

complexity. To obtain the analytical air-gap field solution of the 

IPM motor, the general boundary condition between air-gap 

region and iron region with different permeability is listed as  
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Under normal circumstances, there is no surface current sheet 

and therefore Kiron=0, as shown in Fig. 4(a). In this paper, the 

equivalent virtual current sheet Kiron is introduced to represent 

the PMs, winding current and iron saturation. To keep the air-

gap field unchanged and avoid calculating the permeability of 

the iron in the analytical model, Ht_iron are replaced by Kiron, as 

shown in Fig. 4(b). It is noted that the permeability of iron 

becomes infinite after the transformation as Ht_iron=0. Hence, 

the modified boundary condition is shown as  
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Fig. 4  The (a) original and (b) modified boundary condition for IHFM 

In order to solve governing Laplace equation for the air-gap 

region using conformal mapping model, surface current sheet 

Kiron in (8) can be regarded as uniformly distributed dot currents 

for simplicity, as shown in Fig. 4 (b). Based on the Ampere’s 

law, the dot currents is calculated by [20]-[21] 

 1 2

1 2 n

V V
I I I

n
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where V1 and V2 are obtained from the mesh cell of Fig. 2. 

Accordingly, the equivalent dot currents along the rotor surface, 

which represents the PM and rotor saturation, can be 

equivalently calculated from magnetic potential distribution of 

modular mesh cells on the rotor surface, as shown in Fig. 3(b).  

Unlike the SPM motor whose PM equivalent current is 
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located along the PM edge in the air-gap and should be 

transformed at every rotor position using exact conformal 

mapping [31], the PM equivalent current of IPM motor is 

placed on the rotor surface and stays unchanged at any rotor 

position. Therefore, the conformal mapping calculation is 

required only at the initial rotor position. Much calculation will 

be saved compared with the analytical calculation in SPM 

motor.  

In the proposed IHFM, five transformations are used to 

convert the slotted annular domain to the rectangular domain 

for air-gap region using the simplified one-slot model, as shown 

in Fig. 5. Take the position rsej*s in the complex plane of 

original S domain as an example, it will be transformed to zfull 

in the Zfull domain using the logarithmic mapping, as show in  

Fig. 5(a)-(b), where zfull=log(rs)+j*s Then the position zfull is 

transformed to zslot corresponding to Fig. 5(b)-(c) using the 

following equation 
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Next, the position zslot in the polygon of Zslot domain can be 

transformed to the position wslot in the rectangle of Wslot domain 

using the inverse Schwarz-Christoffel (SC) mapping [32].  
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Since it is difficult to directly solve the SC parameter in the 

mapping, the SC Toolbox is employed to calculate the position 

wslot in the Wslot domain, as shown in Fig. 5(c)-(d). It is noted 

that SC mapping is the most time-consuming transformation as 

it requires numerical calculation of nonlinear equation. 

However, by simplifying the multi-slots model to one-slot 

model, the calculation speed will be significantly improved. 

Then based on the periodicity of (10), the position wfull is 

obtained from wslot using (12) for Fig. 5(d)-(e). 
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Fig. 5  The conformal mapping model based on one-slot region. 

Based on these transformations, both current position and the 

path of magnetic field can be determined in the S domain and 

Wfull domain. Hence, the vector potential Az(x, y) produced by 

the dot current i0(xc, yc) in the rectangular Wfull domain can be 

calculated as [33] 
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where cw=2/a, a=Qs*wa, b=wb. wa and wb are the length and 

width of rectangle in Wslot domain. The flux densities in x and 

y direction are calculated according to the vector potential in 

the Wfull domain 
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Based on the conformal mapping theory, the magnetic field 

in x and y direction of the S domain can be calculated from that 

in the Wfull domain  
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where the complex permeance function 0 is expressed as 
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where 
∂𝑧

∂𝑤
 is obtained from the SC transformation. 

C. Improved hybrid field model 

The magnetic field of IPM motors cannot be determined 

directly, because the analytical air-gap field solution requires 

the equivalent dot current from the magnetic potential 

distribution in the proposed RNM while the node flux source Φ 

in the RNM is calculated from the air-gap field distribution. 

Hence, a solving loop is required to obtain the saturation level 

of stator and rotor iteratively. The solution of magnetic 

potential distribution V in the nonlinear RN and MEC can be 

obtained according to Kirchhoff’s law. 

 ( ) 0f = − − =T

srV AΛA V AΛF Φ   (17) 

where Φ=[a1,…, sy1,…, st1,…, b1,…]. A is incidence matrix 

obtained from the RN and MECM. Fsr consists of the magnetic 

voltage drop from PM and winding current. Λ represents the 

iron reluctance matrix. As shown in Fig. 6, Λ and V will be 

iteratively solved. Hence, the magnetic field of IPM motors can 
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be obtained at any rotor position by modifying the rotor position 

in (10)-(13). 

The flux linkage of each phase is calculated from the air-gap 

vector potential 

  1 1
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where Rs is the stator outer radius.  is the slot pitch. Np is the 

pair of slot for each phase. 1 and Nc are the initial angle of the 

coil and the number of coil belonging to each phase, 

respectively. Hence, the induced voltage of the IPM motor is 

expressed as 

Solve the RNM using (17)

Obtain the magnetic 
potential distribution V

Flux linkage

Calculate node flux 
source Φ

Initialize equivalent current

Errors < tolerance?
No

Yes
 Torque

Calculate air-gap Az 

using (10)-(13) 

Initialize iron permeability

Calculate reluctance and 
magnetic voltage source 
in the RNM using (2)-(5)

Calculate 
equivalent current

U
pdate iron

 
perm

eab
ility

U
pdate 

equiv
alent cu

rren
t

No

 
Fig. 6  The flowchart of solving process for any rotor position. 
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The electromagnetic torque is calculated according to the 

Maxwell tensor theory using the radial and Tangential flux 

density in the air-gap 
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where  and r are the angle and radius of the circular integral 

path along the middle of air-gap region.   

III. FE ANALYSIS AND EXPERIMENT  

In this paper, an 8-pole/36-slot V-type IPM motor and a 4-

pole/24-slot flat-type IPM motor are designed and analyzed to 

validate the proposed model, as shown in Fig. 7. The IHFM 

predictions are compared with FEM results and the experiment 

is carried out to show the calculation accuracy. The two 

prototype motors are shown in Figs. 7-9 and their main 

parameters are displayed in Table I. The nonlinear BH curves 

of the iron material is shown in Fig. 10. It is noted that the 

average flux density in the rotor bridge of both IPM motors is 

larger than 2.2T at rated load, which can be regarded as highly 

saturated, as shown in Fig. 7. 

 
(a) V-type rotor                      (b) flat-type rotor  

Fig. 7  The field distribution of IPM motors at rated load.  

         
(a) V-type rotor                      (b) Stator 

Fig. 8  The prototype 8-pole/36-slot V-type IPM motors. 

                      
(c) flat-type rotor                       (d) Stator 

Fig. 9  The prototype 4-pole/24-slot flat-type IPM motors. 

TABLE I 
THE MAIN PARAMETERS OF IPM MOTOS 

Parameter V-type IPM machine flat-type IPM machine 

Stator outer diameter 120mm 245mm 

Magnet material N35UH N38H 

Iron material 20JNEH1200 M235-35A 

Rated speed 15000rpm 2800rpm 

 

 
Fig. 10  The BH curves of magnetic material for IPM motors. 

The interaction between slots is negligible due to the 

symmetrical structure of stator and therefore the one-slot 

conformal mapping model has same results as those from the 

exact conformal mapping which transformed the whole air-gap 

region in the SC mapping. Besides, the accuracy of the one-slot 

conformal mapping model is compared with FEM calculations 
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neglecting saturation effect. As shown in Fig. 1, seven dot 

currents locating in “A-G” are chosen to calculate magnetic 

field in the middle of air-gap using one-slot conformal 

mappings and FEM, respectively. The average error for radial 

and tangential air-gap field of V-type IPM motor is less than 

0.2% and 0.3%, as shown in Table II. As for flat-type IPM 

motor, they are less than 0.2% and 0.5% according to Table III. 

It is noted that the variation of slot opening has negligible 

influence on the accuracy of one-slot conformal mapping.  

The saturation effect is investigated using IHFM. For the V-

type IPM motor, there are 160 and 400 modular mesh cells for 

pole-shoe region and rotor surface, respectively. As for flat-

type IPM motor, they become 80 and 168, respectively. 

TABLE II 
THE AVERAGE ERROR OF MAGNETIC FIELD USING ONE-SLOT CONFORMAL 

MAPPING FOR V-TYPE IPM MOTOR (UNIT: %) 

Slot opening Flux density A* B* D* F* G* 

0.5mm 
Radial 

Tangential 

0.15 

0.17 

0.15 

0.13 

0.16 

0.15 

0.14 

0.11 

0.15 

0.11 

1mm 
Radial 

Tangential 

0.14 

0.15 

0.14 

0.17 

0.14 

0.15 

0.13 

0.12 

0.14 

0.15 

2mm 
Radial 

Tangential 
0.18 
0.21 

0.18 
0.21 

0.20 
0.22 

0.13 
0.15 

0.19 
0.15 

3mm 
Radial 

Tangential 

0.14 

0.22 

0.14 

0.22 

0.15 

0.26 

0.12 

0.15 

0.15 

0.19 

4mm 
Radial 

Tangential 

0.11 

0.26 

0.11 

0.26 

0.13 

0.29 

0.08 

0.17 

0.12 

0.17 

* The position “A-G” are defined in Fig. 1. 

TABLE III 
THE AVERAGE ERROR OF MAGNETIC FIELD USING ONE-SLOT CONFORMAL 

MAPPING FOR FLAT-TYPE IPM MOTOR (UNIT: %) 

Slot opening Flux density A B D F G 

0.5mm 
Radial 

Tangential 

0.10 

0.09 

0.10 

0.09 

0.10 

0.09 

0.11 

0.11 

0.10 

0.11 

1mm 
Radial 

Tangential 

0.09 

0.13 

0.09 

0.13 

0.10 

0.13 

0.11 

0.13 

0.09 

0.13 

2mm 
Radial 

Tangential 

0.04 

0.38 

0.04 

0.38 

0.05 

0.28 

0.08 

0.22 

0.05 

0.23 

3mm 
Radial 

Tangential 
0.07 
0.49 

0.07 
0.49 

0.08 
0.49 

0.09 
0.28 

0.09 
0.25 

The V-type IPM motor is operated with current angle of 20º 

and the input current is 200A. The flat-type IPM motor runs 

using MTPA control, whose current angle is 16º and the input 

current is 47A. Under this load condition, the flux densities of 

both IPM motors are calculated using IHFM in Figs. 10-11, and 

their results show great agreement with FEM calculations.  

 
(a) Radial flux density 

 
(b) Tangential flux density 

Fig. 11  The air-gap filed distribution of V-type IPM motor at 164 N*m. 

  
(a) Radial flux density 

  
(b) Tangential flux density 

Fig. 12  The air-gap filed distribution of flat-type IPM motor at 8.7N*m. 

The flux linkage and induced voltage of both IPM motors 

using IHFM are consistent with FEM results under on-load 

condition, as shown in Figs. 13-16. The average errors of flux 

linkage using IHFM for V-type and flat-type IPM motors are 

1.9% and 2.5%, respectively. As for the induced voltage, the 

average errors for V-type and flat-type IPM motors are 3.3% 

and 2.2%, respectively. Hence, it is demonstrated that the IHFM 

can accurately predict the induced voltage of IPM motors 

considering the armature reaction.  

In Fig. 17, the torque waveforms using IHFM is similar to 

FEM calculations, the average torque error for V-type IPM 

motors is less than 0.5%. In Fig. 18, IHFM predicts higher 

torque value than FEM prediction, however it should be noted 

that the average torque error of IHFM prediction is less than 

1.7%, which is rather small and acceptable. The differences of 

electromagnetic performance calculation using IHFM and FEM 
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come from the simplification of iron modelling using MECM 

and RNM to achieve high computational efficiency.   

 
Fig. 13  The flux linkage waveform of V-type IPM motor at 164 N*m with 
current angle of 20º. 

 
Fig. 14  The flux linkage waveform of flat-type IPM motor at 8.7N*m 
using MTPA control. 

 
Fig. 15  The induced voltage waveform of V-type IPM motor at 164 N*m 
with current angle of 20º. 

 
Fig. 16  The induced voltage waveform of flat-type IPM motor at 8.7N*m 
using MTPA control.  

 
Fig. 17  The torque waveform of V-type IPM motor at 164 N*m with 
current angle of 20º. 

 
Fig. 18  The torque waveform of flat-type IPM motor at 8.7N*m using 
MTPA control.  

In order to investigate the influence of armature field on the 

induced voltage and electromagnetic torque, IHFM is employed 

to calculate the magnetic field of IPM motors under different 

load condition. The flat-type IPM motor is operated using 

MTPA control strategy while V-type IPM motor runs with 

current angle of 20°. The major and 3rd harmonic voltage are 

calculated using IHFM for both IPM motors, as shown in Figs. 

18-19. IHFM predictions agree well with FEM results, which 

means the proposed model can accurately describe the induced 

voltage. The average torque under different load condition is 

calculated for both IPM motors in Figs. 20-21. Both FEM 

calculations and experimental results are close to IHFM 

predictions regardless of the amplitude of winding current. The 

torque error of IHFM is less than 5% for both IPM motors 

according to the experiment results.  

 
Fig. 19  The variation of induced harmonic voltage with the phase current 
amplitude using current angle of 20º for V-TYPE IPM motor. 
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Fig. 20  The variation of induced harmonic voltage with the phase current 
amplitude using MTPA control for flat-type IPM motor. 

 
Fig. 21  The variation of average torque with the phase current amplitude 
using current angle of 20º for V-type IPM motor. 

 
Fig. 22  The variation of average torque with the phase current amplitude 
using MTPA control for flat-type IPM motor. 

The IPM motors is operated using id=0 control to verify the 

proposed model under different control strategy. The 

experiment is carried out for V-type IPM motor and its result 

compared with IHFM and FEM calculations in Fig. 23. The 

torque error is less than 5%, which shows the high accuracy of 

IHFM under id=0 operation. Besides, Fig. 24 shows that the 

IHFM can accurately predict the torque for flat-type IPM motor 

using id=0 control and the torque error is less than 5%.  

 
Fig. 23  The variation of average torque with the phase current amplitude 
using id=0 control for V-type IPM motor. 

 
Fig. 24  The variation of average torque with the phase current amplitude 
using id=0 control for flat-type IPM motor. 

Besides, the IHFM shows great accuracy in calculating the 

torque at different current angle for both IPM motors, as shown 

in Figs. 25-26. The average error of IHFM prediction for V-type 

IPM motor is less than 1.9% while it is less than 4.5% for flat-

type IPM motor. Larger errors are observed for flat-type IPM 

motor due to the simplified modelling of iron region between 

PMs using MECM, which can be much saturated when current 

angle is large and therefore significantly influences the torque. 

As for V-type IPM motor, the iron region between PMs is large 

enough to avoid saturation regardless of the current angle. 

Hence, it can be concluded that the IHFM is suitable to calculate 

the torque-angle performances for IPM motors with large iron 

region between PMs or to calculate the torque characteristic of 

IPM motors using MTPA control. The work of analytical 

modeling for IPM motors with small iron region between PMs 

using flux-weakening control will be presented in the future.    

 
Fig. 25  The variation of average torque with the current angle for V-type 
IPM motor. 
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Fig. 26  The variation of average torque with the current angle for flat-
type IPM motor. 

The time efficiency is compared in Tables IV-VI. The same 

parameters are set to utilize IHFM in the Matlab platform and 

FEM in the JMAG, respectively, as shown in Table IV. In Table 

V, the IHFM consumes less than 1/10 the calculation time using 

FEM for V-type IPM motor. Besides, the calculation time using 

IHFM is less than 1/8 of that using FEM for flat-type IPM motor, 

as shown in Table VI. Hence IHFM has great advantage in 

calculation speed compared with FEM.  

TABLE IV 
SIMULATION SETTING FOR IPM MOTORS 

IPM motor Model 
Air-gap 

division 

Calculation 

steps 

Total 

Node  

Air-gap 

Node 

V-type 
IHFM 

180 90 
269 0 

FEM 2916 720 

flat-type 
IHFM 

288 96 
320 0 

FEM 5410 1151 

TABLE V 
CALCULATION TIME OF IHFM AND FEM FOR V-TYPE IPM MOTOR  

Current (A) 0 57.7 113 171 200 238 268 

HFM (s) 71 76 81 94 99 117 126 

FEM (s) 1106 1174 1182 1223 1243 1278 1294 

TABLE VI 
CALCULATION TIME OF IHFM AND FEM FOR FLAT-TYPE IPM MOTOR  

Current (A) 0 8 19 30 36 40 47 

HFM (s) 94 102 103 103 112 115 117 

FEM (s) 898 903 903 906 917 926 940 

IV. CONCLUSION 

This paper develops an improved hybrid field model for 

predicting on-load electromagnetic performance of IPM motors. 

Both MECM and RNM are used to represent the iron region in 

terms of the calculation accuracy and calculation time. The 

equivalent virtual currents calculated from the magnetic 

potential drop in the iron region are introduced to obtain the 

analytical air-gap solution. Meanwhile, the novel mesh cell 

with air-gap flux source from analytical model will form the RN 

and MEC of stator and rotor efficiently. The analytical model 

based on one-slot conformal mapping is proposed to improve 

the efficiency of calculation. Owing to the stationary air-gap 

region in IPM motors, conformal mapping is required only once 

while considering the position change of equivalent virtual 

current and the path in the transformation of air-gap region. 

Both FEM calculation and experimental results of flat-type and 

V-type IPM motors demonstrate the high accuracy of IHFM 

with reduced computational burden to the greatest extent.      
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