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Design of skewed mounted permanent magnet synchronous generators
based on 2D and 3D finite element techniques
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Abstract

This paper investigates the effects of rotor skew on the performance of permanent magnet synchronous generators. The main effects are
concerning reduction of the electromotive force induced, stator current harmonics and torque ripple. The analysis performed is based on
various 2D and 3D finite element techniques. Simulation results are compared to measurements.
© 2004 Elsevier B.V. All rights reserved.
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. Introduction

The distortion of voltage waveforms due to electromotive
orce harmonics of permanent magnet machines can affect the
etwork power quality[1,2]. In this paper, the effects of rotor
kew on electromotive force harmonics in synchronous per-
anent magnet generators are investigated[3–5]. The anal-

sis is based on models involving 2D and 3D finite element
echniques. The computed results are compared to measure-
ents on a prototype.

. Finite element modeling

The method of finite elements, is based on a discretisa-
ion of the solution domain into small regions. In magneto-
tatic problems, the unknown quantity is usually the magnetic
ector potential A, and is approximated by means of poly-
omial shape functions. In two-dimensional cases triangular
lements can easily be adapted to complex configurations
nd first order elements exhibit advantages in iron saturation

into a system of algebraic equations for the discrete p
lem. The practical problems necessitate usually several t
of thousands of unknowns. However, appropriate nume
techniques have been developed, enabling to obtain th
lution of such systems within reasonable time, even w
personal computers are used. It should be mentioned th
3D problems require considerably higher computationa
sources than the 2D ones. In the present paper, the 2D
element model adopted involves vector potential form
tion, while the magnetic fluxΦm per pole can be calculat
as follows:

Φm =
∫∫

S1

B × dS =
∮

C1

A × dl ∼= (2Agap)l0 (1)

wherel0 is the length of the magnetic circuit (m),A the
magnetic vector potential,Agap the vector potential valu
in the middle of the air-gap,B the flux density (Tesla
S1 the cross-sectional area normal to the direction of
flow (m2) andC1 the contour surrounding the surfaceS1
epresentation. The size of elements must be small enough

o provide sufficient accuracy[6]. In this way, the differen-
ial equations of the continuous problem can be transformed

∗

(m). The electromotive force at no load can be calculated as
follows:

E
dΦm
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dt

(2)
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Fig. 1. One pole part of the permanent magnet machine constructed (unskewed rotor): (a) employed triangular mesh; (b) field distribution at no load; (c)
magnetic field distribution at full load.

Fig. 2. No load voltage of permanent magnet generator without rotor skew (2D fem simulation).

Fig. 3. No load voltage of permanent magnet generator without rotor skew (experiment).
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Fig. 4. No load voltage of permanent magnet generator with rotor skew (2D fem simulation).

Fig. 5. Full load voltage of permanent magnet generator without rotor skew (2D fem simulation).

Fig. 6. Full load voltage of permanent magnet generator without rotor skew (experiment).

Fig. 7. Full load voltage of permanent magnet generator with rotor skew (2D fem simulation).
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Fig. 8. Magnetic field distribution at no load (3D fem simulation): (a) without rotor skew; (b) with rotor skew.

The value of voltage at full load can be calculated by re-
lation (3):

V = E − RI − jLσωI (3)

whereV is the voltage on stator windings (V), E the electro-
motive force at no load (V), R the stator resistance (�), Lσ

is the stator leakage inductance (H),ω the rotor angular ve-
locity (rad/s) andI the stator current (A). The magnetic field
distribution at full load is given inFig. 1c. Then the magnetic
flux and electromotive forces can be derived by using Eqs.
(1) and (2).

The authors propose the study of a permanent magnet ma-
chine prototype through a design procedure involving three
steps. In a first step, the typical design procedure is conve-
niently to this type of machines. In a second step, the machine
characteristics are checked by means of a detailed field cal-
culation through finite element techniques. In a third step, a
prototype is constructed in order to validate the machine per-
formance. The effects of rotor skew on magnetic field distri-
bution in the air-gap as well as on the produced electromotive
force waveforms are investigated by simulation.

3. Results and discussion

The permanent magnet machine analysis procedure de-
s kW,

26 rad/s generator to be connected to a six pulse diode rec-
tifier bridge. The air-gap width has been chosen 1 mm while
a multipole “peripheral” machine structure has been adopted
Fig. 1. The geometry of the permanent magnet machine is
shown inFig. 1a giving also the mesh employed for the two-
dimensional finite element program of the machine involving
approximately 2100 nodes and 4000 triangular elements. The
corresponding magnetic field distribution at no load is shown
in Fig. 1b. The field distribution at full load is given inFig. 1c.
In these figures, the dissymmetry caused in the field distribu-
tion by the loading current can be observed.

The simulation results concerning no load voltage of syn-
chronous generator without rotor skew are presented inFig. 2.
Fig. 3 gives the measured results under the same operating
conditions. A good agreement can be observed in these fig-
ures between the simulated and measured results. The effects
of rotor skew obtained by using a 2D FEM model and by com-
bining several rotor positions are shown inFig. 4. It may also
be observed that the magnitude of the voltage fundamental
frequency is less important in the case with rotor skew[7,8].

The simulation results concerning full load voltage of
synchronous generator without rotor skew are presented
in Fig. 5. Fig. 6 gives the measured results under the same
operating conditions. A good agreement can be observed in
these figures between the simulated and measured results
also in the case of full load. The effects of rotor skew
o EM
cribed previously has been applied to construct a 2.5
 btained by successive rotor position by using 2D F
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Fig. 9. Flux density distribution in the air gap in the middle of the rotor (3D and 2D fem simulation).

Fig. 10. No load distribution of air-gap radial magnetic flux density (3D fem simulation): (a) without rotor skew; (b) with rotor skew.

simulations are shown inFig. 7. Once again the smaller
magnitude of stator voltage fundamental frequency in the
case with rotor skew can be observed.

In Fig. 8a and b are presented the distributions of magnetic
field at no load in one pole of the machine by using 3D simula-
tion in the cases of unskewed and skewed rotors, respectively.
Fig. 9 gives a comparison of the simulated flux density
distribution in the middle of the air-gap with and without
rotor skew by 3D FEM simulation and the same distribution
obtained by 2D simulation. From the results, it comes up that
the magnitude of magnetic flux density is less with rotor skew.

In Fig. 10a is presented the magnitude of magnetic flux
density in the air gap of the machine without rotor skew
by using 3D analysis, while inFig. 10b is presented the
same analysis with rotor skew. The same remark that the

magnitude of magnetic flux density is less with rotor skew
can equally be observed.

4. Conclusions

The results obtained by using 2D and 3D finite element
models provided sufficient accuracy with the measured ones
in a permanent magnet synchronous generator prototype. The
simulations performed have shown that the skew of perma-
nent magnets in the rotor results in a reduction of the fun-
damental component of the electromotive force induced be-
cause of the reduction in the flux density in the air-gap. So,
the stator current harmonics and torque ripple are estimated
to be subsequently reduced in the case with rotor skew.
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