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FINITE ELEMENT ANALYSIS OF THE USEFUL MAGNETIC 
FLUX OF A LOW SPEED PMSM  

Constantin GHIŢĂ1, Nicolae DIGĂ2, Dorinel CONSTANTIN3, Ion VLAD4, 
Silvia-Maria DIGĂ5  

This paper presents an analysis of a permanent magnet synchronous motor 
(PMSM) regarding the influence of various cross-section geometric parameters of 
the machine on the useful magnetic flux. The parameters taken into consideration in 
the analysis are tooth width, the stator slots opening, stator slots isthmus height, 
permanent magnet dimensions and stator winding current density. The calculations 
are based on the Finite Element Method in 2D and 3D approach, the results being 
useful in the functional-constructive optimization of permanent magnet synchronous 
machines.  
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1. Introduction 

Permanent Magnet Synchronous Motors (PMSMs) are widely used for 
electric drive systems [1]-[4]. Among their advantages we can mention the high 
efficiency and power factor, the stable and reliable operation and the lack of 
additional DC excitation supply [5], [6]. Among other arguments which 
recommend the use of this motor in the electric drive systems (SAE) may be 
mentioned the following: 

- Lack of collector and all sliding contacts that get worse operation. 
- Thermal time constant is favourable. 
- The possibility of achieving of a mass torque (torque/weight) of high 

values by using intensive currents induced (in stator).  
This paper presents an analysis of a PMSM regarding the influence of 

cross-section geometry parameters on the useful magnetic flux of the machine. 
The geometrical parameters taken into account are: stator tooth width (by 
maintaining the same stator teeth pitch and slot area), stator slots opening, stator 
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slots isthmus height, permanent magnet size (by maintaining the same magnet 
volume) and stator winding current density. The numerical investigations 
presented in the paper are based on the 2D and 3D Finite Element Method (FEM) 
implemented in the FEMM 4.2 and ANSYS® (RMxprt, Maxwell 2D, Maxwell 
3D) software packages. 

The influence analysis detailed hereafter is useful for maximizing the 
inductor useful magnetic flux of the motor, (by keeping the same diameter of its 
rotor and stator) that may lead to an efficient use of the motor active materials [7] 
- [9].  

2. Motor description  

The machine studied in the paper is a three-phase PMSM with the 
following characteristics: rated power 500 W, rated voltage 3 x 36 V (stator star 
connection), rated speed 130.434 rpm, rated frequency 50 Hz. The analyzed 
PMSM has 23 pole pairs on the rotor and 51 stator slots. Fig. 1 shows a cross-
section of the considered motor.  

The permanent magnets of the PMSM are of R1 sintered SmCo type, with 
relative magnetic permeability μr = 1.05 and remnant magnetic flux density 
Br = 0.7 T, unidirectionally magnetized. The ferromagnetic armatures length is 
l r = 24 mm (rotor) and ls = 23.5 mm (stator) and the air-gap length is g = 1 mm.  

The numbers of stator slots (Zs = 51) and poles (2p = 46) of the PMSM 
were chosen so as to obtain a small value (1 in our case) of their greatest common 
divisor, Fig. 1. By this measure we ensure that the PMSM provides a very low 
value of the cogging torque, which is an important factor for any such motor. 
Cogging torque has only negative effects on synchronous motors such as: noise 
and vibrations that lead to increased mechanical losses [10], [11], increased cut-in 
speed of vehicles (bicycles) electric driven [12], higher harmonics in the 
electromotive force waveform [13], mechanical shaft unbalance [14] etc.  

The studied PMSM have trapezoidal slots with rounded corners and stator 
teeth with parallel walls. The three-phase stator windings have 51 coils (102 
sides), 17 coils (34 sides)/ phase. Each coil (side) has an opening of one teeth (i.e. 
tooth winding) as shown in Fig. 1, in each stator slot being placed two coil sides.  

The stator winding has a special structure with a fractional number of slots 
per pole and phase q, whose expression is given by: 
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where Zs is the number of stator slots, m1 is the number of phases and p the 
number of motor pole pairs.                                                                                                
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The stator magnetic core is made of magnetic steel laminations of                
M600-50A type and the rotor magnetic core is made of common cast steel with 
weaker magnetic properties than the stator laminations.  

 
 

 

 

 
a)                                  b) 
 

Fig. 1. Permanent magnet synchronous motor geometry: a) cross section through the motor; 
b) notation of main dimensions of the stator slot 

3. FEM calculation of electromagnetic flux density  

The numerical analysis of the described PMSM is based on the 
magnetostatic field 2D model of the machine. This electromagnetic field regime 
characterizes computations domains with static bodies where the source of the 
magnetic field is represented by the electric conduction currents with constant 
density J  and by permanent magnets with remnant magnetic flux density rB , 
invariable in time [15].  

The 2D computation domain shown in Fig. 1 is composed of several 
regions as follows: stator magnetic core, stator yoke, stator windings, rotor 
permanent magnets, rotor magnetic core, air-gap etc.  

In order to calculate the useful magnetic flux of the studied motor, the only 
field source in the computation domain is represented by the permanent magnets, 
the reaction magnetic field being neglected. In this case, the partial differential 
equation that characterizes the magnetostatic field model of the motor is the 
following: 

 

Bs2

Bs1 

Bs0 

Hs2 

Hs0 

hp 

 

 

Rotor 
yoke

Rotor 
magnet

Stator  
winding

Stator  
yoke 



190           Constantin Ghiţă, Nicolae Digă, Dorinel Constantin, Ion Vlad, Silvia-Maria Digă 

 
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⋅

→→
BrotArotrot

μμ
11

  
(2) 

where μ is the magnetic permeability and 
→

A  the magnetic vector potential, that  
verifies the Coulomb's gauge: 

    0=
→
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Therefore, the magnetic vector potential is a solenoidal one. After 

computing the magnetic vector potential
→

A , the magnetic flux density 
→

B can be 
calculated using the formula:  

→→

= ArotB              (4) 

The useful inductor magnetic flux Φ is determined by the equation: 

BS=Φ             (5) 

where S is the surface through which passes the magnetic flux and B is the 
average value of magnetic flux density corresponding to the surface S (which is 
obtained by using the used software packages); this surface is determined as 
follows: 

 szs ltS ⋅=                       (6) 

where tzs is stator dental pitch, measured between the axes of two neighboring 
slots at the level of the machine air gap and ls is the axial length of the stator 
magnetic core (ls  =  23.5 mm).   

The useful magnetic flux defined in (5) can be considered practically equal 
to the magnetic flux passing through a stator tooth or to the magnetic flux passing 
through a stator dental pitch. That is why the analysis procedure used in the paper 
is based on the evaluation of the average magnetic flux passing through a stator 
dental pitch and all further results will refer to this flux.  

The finite element discretization of the computation domain is done using 
second order triangular elements with smaller size in the air gap region where the 
most part of the magnetic energy is concentrated, Fig. 2.  
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Fig. 2. Mesh on the computation domain and a detail of the mesh  

corresponding to the marked area 

4. Influence of geometric parameters on the useful magnetic flux  

The useful magnetic flux of the motor depends on its cross-section 
geometry and on the material characteristics of the magnetic cores of the machine. 
The paper analyzes the influence of stator tooth width, slot isthmus opening, 
permanent magnet width and slot isthmus height on the useful magnetic flux. The 
influence of the material properties of the stator magnetic cores on the useful 
magnetic flux is also analyzed. To determine their influence, the magnetic flux 
density is calculated for each case using the 2D FEM model of the machine. 

By solving the magnetostatic field problem associated to the studied motor 
we obtain the magnetic flux density chart and the spectrum of magnetic field lines 
as shown in Fig. 3.  

After solving the magnetostatic 2D problem for different relative 
rotor/stator positions (by rotating incrementally the rotor armature) we found that 
maximum value of useful magnetic flux is obtained for an angle α = 3.53 ° [7] 
when the symmetry axis of the permanent magnet is aligned with the symmetry 
axis of the tooth (Fig. 2).  
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So if we calculate the average magnetic flux passing through the stator 
tooth, in 2D model rotor must be rotated so that the axis of symmetry of the 
permanent magnet is aligned with the symmetry axis of the tooth. 

We can notice that the magnetic flux density differs from a tooth to 
another, its value depending on the tooth position with respect to the rotor 
permanent magnets. For this reason such a study should refer to a tooth situated in 
a position characterized by a maximum useful flux value. 

 

Fig. 3. Spectrum of the PMSM inductor magnetic field lines and chart of                             
magnetic flux density.  

4.1. Influence of the stator tooth width  

We can see in Fig. 1 that the motor has trapezoidal slots with rounded 
corners and the stator teeth have constant width and parallel walls. To study the 
influence of the stator tooth width bzs on the useful magnetic flux, we consider the 
tooth pitch constant. Thus if the tooth width is reduced by a certain size the slot 
width will increase by the same size.  

The values for bzs cannot be chosen randomly, because very narrow teeth 
can lead to their excessive saturation and very large teeth can lead to an excessive 
increase of current density in the stator windings [5].  

By solving successive 2D magnetostatic applications for various teeth 
widths we obtain the dependence of the useful magnetic flux on this parameter, 
Fig. 4.  

By studying the results we can see that the useful magnetic flux increases 
by approximately 0.414 %, with the increase of the tooth width from 3.65 mm to 
5.98  mm. 

The same increase of the useful magnetic flux is obtained with the 
decrease of maximum magnetic flux density in the tooth from 1.8 T to 1.1 T, 
according to Fig. 5. 
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Fig. 4. Useful magnetic flux versus stator teeth width bzs 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5. Useful magnetic flux versus maximum magnetic flux density in the tooth Bzs 
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4.2. Influence of the stator slot opening 

The stator slot opening is noted with Bs0 in Fig. 1. To analyze the influence 
of this parameter on the useful magnetic flux zstΦ , because in our case Bs0=2 mm 
several values of this parameter are considered between 1.5 mm and 5.5 mm. 

For each slot opening, the average magnetic flux zstΦ (the magnetic flux 
on a tooth pitch) is calculated, the results being presented in Fig. 6.  

We can notice that the stator slot opening has a considerable influence on 
the inductor magnetic flux value. Thus, if the slot opening varies from 1.5 mm to              
5.5 mm, the useful magnetic flux decreases by approximately 21,13 %. This 
decrease of the useful magnetic flux can be justified by the fact that the increase 
of slot opening entails a larger leakage magnetic flux and thus a smaller useful 
magnetic flux. 

 

 

 

 

 

 

 

 

 

 
Fig. 6. Useful magnetic flux versus stator slot opening Bs0. 

4.3. The influence of the permanent magnet width 

To obtain concluding final results, the variation of the permanent magnet 
width was made by keeping constant the magnet cross-section area, i.e. by 
keeping constant the magnet volume. Thus if the magnet width decreases its 
thickness increases so as to keep unchanged the magnet cross-section area. The 
permanent magnet has the following characteristics: permanent magnet width, bm 
is variable in the range (13.5 mm ... 9 mm). By successive numerical simulations 
for various values of the magnet widths we obtained the results shown in Fig. 7 
indicating an optimum of useful magnetic flux depending on the permanent 
magnet width. By studying these results we can see that the useful magnetic flux 
increases with the permanent magnet width bm to achieve the maximum value 
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294.0=Φ zst mWb corresponding to a width of permanent magnet bm = 12 mm 
(Fig. 7). Thus, if the magnet width increases from 9 mm to 12 mm, the inductor 
magnetic flux increases by about 5.95 %. The reason for this increase is related to 
the magnetic flux path that in case of large width magnets it will be split on two or 
three teeth. 
 

 

 

 

 

 

 

 

 
 

Fig. 7. Average useful magnetic flux versus permanent magnet width bm. 

4.4. Influence of the stator slot isthmus height 

The study carried out and presented further, took into account a variation 
of stator slot isthmus height within ± 30% from the reference value known 
Hs0 = 0.5 mm (resulting from traditional design, according to the literature, [6]). 
Thus to analyze the influence of this parameter on the useful magnetic flux Φ, are 
considered values of this parameter between 0.35 mm and 0.65 mm (Fig. 8). 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 8. Useful magnetic flux versus stator slot isthmus height Hs0 
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It is noted that the height of the stator slot isthmus has a relatively small 
influence on the value of inductor magnetic flux. Thus, if the height of the slot 
isthmus ranges from 0.35 mm to 0.65 mm, the useful inductor magnetic flux 
increases by about 0.987 %. This increase in the useful inductor magnetic flux can 
be justified by the fact that increasing the height of the slot isthmus implies a 
lower leakage magnetic flux and thus more useful magnetic flux. 

5. Influence of current density in the stator winding 

The study carried out and presented further, took into account a variation 
of the current density in the stator winding within -30% ... +15% compared to the 
reference value known js = 6 A/mm2 (resulting from traditional design, according 
to the literature [6]). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9. Useful magnetic flux versus stator winding current density js 
 

It is noted that the current density in the stator winding has a significant 
influence on the value of useful magnetic flux to the motor load operation. Thus, 
if the current density of the stator winding varies from 4.2 A/mm2 to 6.9 A/mm2 
by successive numerical simulations for these values, we obtain the results shown 
in Fig. 9 which indicates an maximum (for js = 4.8 A/mm2) of useful magnetic 
flux depending on current density of the stator winding. 

In the Fig. 9 were represented also the functions defined in Mathcad 
programming environment with which is approximated by spline interpolation 
(cspline, pspline, lspline) the curve raised through the points obtained through 
modelling and simulation. 

By studying these results we can see that the useful magnetic flux 
increases with the current density in the stator winding js until to achieve the 
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maximum value 0.26=Φ zst  mWb corresponding to a current density in the 
stator winding js = 4.8 A/mm2 (Fig. 9). Thus, if the current density of the stator 
winding increases from 4.2 A/mm2 to 4.8 A/mm2, the useful magnetic flux 
increases by approximately 15 %. The reasons for this growth are several 
cumulated factors (including that one related to the magnetic flux path which in 
the case of magnets with large widths will be divided (split) for two or three 
teeth).  

6. Conclusions 

The FEM analysis carried out in this paper referred to a PMSM with a 
large number of poles that can used as an electric motor in the direct drive 
systems. 

The research presented in the paper was focused on the influence analysis 
of several geometrical parameters of the machine (stator tooth width for the same 
stator tooth pitch and slot area, stator slots opening, permanent magnet width for 
the same magnet volume, stator slot isthmus height) on the useful inductor 
magnetic flux. 

Also have been analyzed the influence of stator winding current density on 
the useful magnetic flux at the motor load operation. 

From construction point of view the studied PMSM has a larger useful 
inductor magnetic flux in case of smaller slots openings, of larger teeth width (for 
the same tooth pitch), of wider permanent magnets (for the same magnet volume) 
and of larger slots isthmus heights.  

The paper shows also the optimal ranges of these parameters for which the 
useful inductor magnetic flux is maximized. The maximization of the inductor 
magnetic flux leads to a more efficient use of the motor active materials making it 
more competitive on the market. The numerical results presented in the paper are 
useful for the functional-constructive optimization of PMSM. 
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