
  

 

Abstract—The accurate determination of permanent magnet 

synchronous machine (PMSM) inductances has been the subject 

of much research over a long time. For these reason, this paper 

present the calculation of the direct and quadrature inductances 

of permanent magnet synchronous machine by the finite element 

method (FEM), where the calculation of these parameters is 

based on the air gap magnetic field distribution which is the 

basis of the analysis of performance electric machines. The 

numerical results are presented by diagrams, they discussed and 

compared by the experimental once, they show a very good 

agreement. This confirms the validity and effectiveness of the 

finite element method in solving of these problems 

 
Index Terms—Finite element, inductance direct and 

quadrature, magnetic flux density, permanent magnet 

synchronous machine.  

 

I. INTRODUCTION 

Permanent magnet synchronous motors (PMSM) are 

widely used in high-performance drives such as industrial 

robots and machine tools for their advantages on high power 

density, high-torque, free maintenance and so on. In recent 

years, the magnetic and thermal capabilities of the PM have 

been considerably increased by employing the high-coercive 

PM materials [1]. In last few years, permanent magnet 

synchronous motor (PMSM) consequently is acquired in 

more and more far-ranging application, because of its 

properties such as small volume, light weight, high efficiency, 

small inertia, rotor without heat problem, etc. [2]. It is very 

important matter to calculate as accurate as possible the 

values of the parameters of the PMSM. Of the most important 

significance are the direct- and the quadrature- axis 

inductances, as they are determining corresponding 

synchronous reactances [3]; it is well known that they are the 

most significant parameters when dealing with steady state 

and/or dynamic performance analysis of PMSM. . Nowadays, 

permanent magnet synchronous motor is designed not only to 

be more powerful but also with lower mass and lower moment 

of inertia. We must into account the required accurate of the 

results also the reliability of testing procedures for 

determination of the machine parameters, when we develop 

permanent magnet synchronous motor model. The 

conventional methods of testing for determination of 

synchronous machine parameters cannot be applied in the 

case of permanent magnet machine. The only alternative to 

solve this problem is to use numerical methods [4]-[6]. 
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During the last two decades the finite element method proved 

to be the most appropriate numerical method in terms of 

modeling, flexibility and accuracy to solve the nonlinear 

Poisson’s equation governing the magnetic field who's 

concerned a principal element in calculation of machine 

parameters [5], [6]. Currently, several modeling of electrical 

machines softwares are available. The finite element package 

FEMM 4.2 (Finite Element Method Magnetic) developed by 

D. Meeker available for free on its website was used for the 

modeling of the PMSM. 

 

II. RESOLUTION OF THE MAGNETIC FIELD PROBLEM WITH 

FEM 

The finite element method is a numerical procedure 

designed to obtain an approximate solution to a variety of 

field problems governed by differential equations. The 

solution domain is replaced by the problem of the subdomains 

of simple geometric shapes, called elements, in order to 

reconstruct the original domain by their assembly. The 

unknown variables of the considered field are then expressed 

by an approximate function called interpolation function [7], 

[8]. These functions are defined on each element using the 

values that the variable takes from the field on each node. 

Therefore the knowledge of nodal values and interpolation 

functions allow defining completely the behavior of the 

variable field on each element. Once the nodal variables, 

which are actually the unknown factors of the problem, are 

calculated, the values of the variables of the field on any point 

of the field can also be determined using interpolation 

function. The precision of the method depends not only on the 

dimensions of elements and their number but also the type of 

the interpolation function. As for the numerical method, the 

finite element method converges to the exact solution 

provided to increase the number of subdivisions of the 

solution domain and to ensure continuity of the interpolation 

function of its first derivatives along the borders of adjacent 

elements [5], [7]. 

The main steps for implementation of the finite element 

method [9] are described below. 

A. Pre-Processing 

After the problem geometry is defined we have to complete 

the entire domain of the electric machine by defining the 

material properties and boundary conditions. By imposing the 

vector potential zero at the outside diameter of the machine 

the magnetic field will be confined to the solution domain, 

while the periodicity conditions 𝐴(0) = 𝐴(𝜋) can restrict the 

solution domain to a double pole pitch. The basic idea of 

FEM application is to divide that complex domain into 
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elements small enough, under assumption to have linear 

characteristics and constant parameters. Usually, triangular 

elements are widely accepted shapes for 2D FE models. After 

this step is completed, the output is always generation of finite 

element mesh. It is recommended to make mesh refinements 

in the regions carrying the interfaces of different materials, or 

with expected or presumed significant changes in the 

magnetic field distribution. 

B. Processing 

In order processing part to be executed and output results to 

be obtained system of Maxwell’s equation should be solved. 

 

Using the post-processor software, various results can 

viewed as the mapping of field lines and the intensity of the 

magnetic induction in different parts of the machine as shown 

in Fig. 1, however the main result of the simulation is the field 

distribution in the air gap which is given either in graphical 

form as shown in Fig. 2 or in the form of a table that provides 

the magnetic induction at a point as a function of the air gap of 

its curvilinear abscissa. 

 

 
Fig. 1. Magnetic flux distribution in part of the machine. 
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Fig. 2. Magnetic field distribution along the air gap. 

 

Examination of these curves shows that rapid variations of 

the magnetic field are mainly due to the presence of teeth and 

slots of the stator area. Such variations are predictable 

because the calculation of the field using an interpolation 

function of the first order results in the constancy of the field 

[4], [8] at each element of mesh. Moreover, the finite element 

solution is incomplete because the model is unable to take into 

account electromagnetic phenomena accompanying the 

rotation of the rotor. Indeed, in a real machine, the effect of 

oscillation of the field between the slots and teeth with 

induced eddy currents in the inner surfaces of the teeth, 

resulting in a local saturation of the interface zone air gap 

magnetic circuit [8]. For these reasons the field variations in a 

real machine are less pronounced. 

 

III. VALIDATION OF MAGNETIC FIELD DISTRIBUTION 

RESULTS 

Fig. 3 shows the measured [10] and computed air gap 

magnetic field of the permanent magnet synchronous machine 

at no load and full load. 

 

 

 
Fig. 3. Comparison between magnetic flux distribution results. 

 

Examination of these figures confirms the accuracy of the 

solution of the field problem by finite element method. 

Therefore, the determination of machine parameters that 

directly depend on its assessment can be made with 

confidence. 

 

IV. FEM REACTANCE CALCULATION 

The calculation of reactances 𝑋𝑑 and 𝑋𝑞 respectively is 

obtained by simulating a system operating with a power factor 

of zero and unity power factor for different values of stator 

current.  

Demagnetizing action is apparent in the first case, while the 

magnetic response causes distortion of the field distribution. 

Simulation of the magnetic armature reaction along the 

longitudinal axis, shown in Fig. 4 is obtained by canceling the 

magneto motive force (mmf) magnets [11], [12].  

The calculation of the reactance is carried out from the 

numerical solution by applying  
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The direct current corresponds to the moment when the 

stator currents are the values   
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C. Post Processing

D. Discussion of the Simulating Results
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Fig. 4. Magnetic flux distribution for direct reactance calculation. 

 

The calculation of the transverse inductance is effected in 

the same manner. The mmf of armature reaction is directed 

along the axis interpolar when the machine operates with a 

power factor of internal unity. 
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Fig. 5 shows the distribution of the field lines and its 

distribution along the air gap 

 

 

 
Fig. 5. Magnetic flux distribution for quadrature reactance calculation. 

As it was assumed the fictitious direct/quadrature winding 

to have the same number of turns as the real stator phase 

winding, it is requested to introduce another factor to find the 

direct- and quadrature- axis inductance, respectively [13]. For 

a 3-phase AC machine, the armature current in the 

direct/quadrature axis would have to be  3/2  times as great as 

the phase current to produce the same magneto-motive force 

along the respective axis as the three phase winding. Hence,  

 

,
3 / 2

d q

L
L                                 (4) 

 

Fig. 6 shows inductances variation in rated regime as 

below: 

 
Fig. 6. Inductances variation in rated regime. 

 

V. CONCLUSION 

In the context of the determination of the direct and 

quadrature inductances of the synchronous permanent magnet 

machine, the resolution of the problem of the magnetostatic 

field by the finite element method was presented. FEMM 

software was used to obtain its numerical solution whose 

analysis has required the development of specific functions of 

processing. The results obtained by finite element method are 

very accurate. Moreover, the examination of measured results 

confirms this accuracy. On the other hand we can conclude 

that by using FEM results are obtained more easily and 

quickly compared to the other methods. 

APPENDIX 

Dimensions and material properties: 

Outer diameter: 60 mm 

Stator inner diameter: 40 mm 

Rotor outside diameter: 39.619mm 

Number of magnets per pole: 01 

Number of pole: 04 

Number of slots: 36 

Number of conductors in series per phase: 156 

Stator resistance: 0.378 Ohm 

Rated power: 990 W 

Rated current: 5.5 A 

Rated speed: 1500 tr/mn 
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