R INAVYAY NnA Noppng

EFFICIENT MODELLING OF SYNCHRONOUS RELUCTANCE MOTOR

WITH AXIALLY-LAMINATED ROTOR
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Katholieke Universiteit Leuven,
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synchronous reluctance machines, A three-dimensional realistic
model and an equivalent anisotropic model with varying rotor fill-
factor have been investigated. The magnetic field and radial flux
density distribution, the fundamental and some imporiant
harmonics in the air gap are evaluated and compared. Finally, the
d- and gq-axis inductances and the torque-current  angle
characteristics of the motor are computed using the equivalent
modelling method.

i. INTRODUCTION

The rotor of the synchronous reluctance motor may have
various structures in order to increase the ratio of d-axis to g-axis
inductance. In the past, some researchers proposed and improved
the structures of the anisotropic rotors such as segmented rotors
and flux-barrier-rotors {1-11). From a practical point of view, a
promising axially laminated rotor structure is presented. This
configuration achieves strong magnetic rotor anisotropy by
interieaving the ferro magnetic laminations with non-ferro
magnetic spacers. Due to the complex rotor configuration, the
finite element analysis proves to be a powerful tool to evaluate
the motor behaviour. The finite element analysis requires that
the mesh has homogeneous material
characteristics. Therefore, both ferro magnetic lamination and
non-ferro magnetic spacer in the axially-Jaminated rotor should be
separately subdivided. into finite elements during the meshing
process of the finite element method. Because non-ferro magnetic
spacers and ferro-magnetic laminations are very thin, a large
number of elements would be required, otherwise the accuracy
and convergence of the solution are worse. In this paper a three-
dimensional equivalent anisotropic model for the axially-
laminated rotor is presented and adopted to analyse the
*haracteristics of realistic synchronous reluctance motor. Both the
ealistic and equivalent motor model with anisotropic structure
1ave the same geometry, only the rotor of the realistic model is
eplaced by a rotor having the same layout but consisting by the
imsotropic  characteristic material.  The realistic three-
limensional model and the equivalent anisotropic model with
-arying rotor fill-factor, which is defined as the ratio of the non-
2o magnetic insulation thickness to the ferro magnetic
hickness in the rotor, have been investigated. Furthermore, the
adial flux density distribution, the fundamental and some
mportant harmonics in the air gap are evaluated. Both results
alculated from the realistic model and the equivalent model are
ompared and show good agreement. Using this equivalent
1odelling method, the torque as a function of the current angle
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and the rotor fill-factor, the d- and g-axis inductances as the

1 Of
function of the air gap length and rotor fill-factor are computed.
Accordingly, the maximum torque can be achieved. The
calculated resuits show that the equivalent modelling is a useful
methed to handle a strongly anisotropic axially laminated rotor
using the finite element method in order to decrease computer
memory and computational time by using less finite elements.

2. EQUIVALENT MODELLING IN AXJALLY-
LAMINATED ROTOR

A. Equivalent model

In the equivalent anisotropic rotor model, the actual axially-
laminated material layout is replaced by anisotropically permeable
material. The equivalent permeability in the rotor is (Fig. 1 and
Fig. 2):

Py =MLV +W)) )

Winp, + Wiy
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permeability of the ferro-magnetic Jaminations

w:  permeability of the non-ferro magnetic spacers

W thickness of the lamination

Wi: thickness of the spacer
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Fig. I: Zoom of the realistic rotor model
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Fig. 2: Zoom of the equivalent rotor

For the equivalent anisotropy model, the relation of the flux
dumty distribution and the field ﬁtrength 1s no longer given by a
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with ﬁ as permeability tensor. Taking the x-axis as ‘the

lamination direction and P =Hy (where j=x, v, 7, k=x, v, z; j#k ),
the permeability tensor is:

o Hxx 0 0
ﬁ =1 0 Hyy 0 (7

0 0 Hzz

A commercial CAD-finite element software package is used
to obtain the solution of the equivalent anisotropic model
governing the behaviour of the radially laminated synchronous
reluctance motor [13].

B. Meshing
The meshing process is the most important step in the finite
clement analysis of the axially-laminated synchronous reluctance.
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Fig. 4: Zoom of the mesh of the equivalent rotor model

machine. An adaptive meshing results in higher accuracy and a

faster rate convergence.

Fig. 3 and Fig. 4 show the zoom of the finite element mesh

for the realistic and the equivalent model respectively. The number

of nodes and clements in the meshing process of the finite element
method used for both models is given in the following table 1.

Table 1: Comparison of realistic and equivalent models

Number of nodes  Number of elements

Realistic motor 4120 8072
Equivalent model 1953 3828
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Clearly, the number of nodes and elements of the equivalent
model is less when compared to the realistic model. As the
calculation time is approximately proportional to the square of the
number of nodes, the advantage is evident, provided the accuracy

-AXIS MAGNETIC FIELD

q-
ONS AND COMPARISGON

The accurate calculation of the magnetic field distribution of
the synchronous reluctance motor is important. Many parameters
and the performances of the motor can be derived from the
magnetic field distributions. Obviously, the magnetic field
distribution of the synchronous reluctance motor with axially-
laminated rotor depends on Jg c,gam ~iting current. the stator
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and rotor constructions such a p length, rotor magnetic
lamination thickness, rotor no mulation thickness and
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magnetostatic problem {12-13].

A. Magnetic field distribution

Defining the rotor salience factor as ratio of the rotor pole-
span referred to the rotor pole-pitch, for different rotor fill-factor
difTerent rotor saiience factor and different air gap length, the d-
and g-axis magnetic field distribution of both models is computed

(Fig 5-8). The feno material of the stator and rotor is non-linear,

the air gap length is 0.35 mm, the rotor salience factor is 0.67, the
fill-factor of the rotor is 0.5.

id equivalent 1 .GdeL Good agreement in both stator
ﬁeld dmnbuhom can be found. On the other hand, the d-axis flux
in the rotor concentrates on the ferro magnetic laminations in the
realistic model (Fig. 3).
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Fig. 5: Field distribution of the realistic model in d-axis
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I'ig. 6: Field distribution of the equivalent model in d-axis

Fig. 7 and Fig. 8 show the g-axis magnetic field distributions
for the realistic and equivaleni model. Good agreemeni can be
found for both the stator and the rotor as well. Furthermore, Fig. 7
and Fig. 8 demonstrate that some flux passes through the air gap
several times. This is because of the non-ferro magnetic insulations
in the g-axis.

Fig. 7: Ficld distribution of the realistic model in g-axis



B. The radial flux density distributions in the air gap

The radial flux density distribution in the air gap along the d-
and g-axis is evaluated for both the realistic motor model and the
equivalent anisotropic model. One case is shown in Fig. 9 and Fig.

U,

For the d-axis radial flux density distribution in the air gap,
the flux density is effected by the stator siots and the non-ferro
insulations. The d-axis radial flux density
distribution of the realistic model contains high harmonics caused
by the non-ferro magnetic insulations in the rotor. The radial flux
density distribution of the equivalent model contains less
harmonics when compared to the realistic model (Fig. 9). This
means that the equivalent modelling method can't be used to
evaluate the harmonic components produced by the non-ferro
magnetic insulations of the rotor. The g-axis radial flux passes
through the air gap twice under each stator tooth located at the pole
span (Fig. 10). This suggests that air gap field in g-axis is rich in

stator slotting harmonics.
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Fig. 9: Radial flux density distribution of the air gap in d-axis
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Fig. 10: Radial flux density distribution of the air gap in g-axis

For different rotor fill-factors, the Fast Furner
Transformation (I'FT) is applied to study and compare the
fundamental and harmonic components of the flux density
distribution in the air gap. Normalised spectrums are plotted in
Fig. 11 and Fig. 12. They show that the main components of the d-
and q—axis flux density distribution are in good agreement as well

For the g-axis flux density distribution there is a leakage field anc
therefore thc corrcepondmg amplitude of the fundamenla]
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Fig. 11: Main field components in the d-axis field
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Fig. 12: Main harmeonics of the ficld in g-axis
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5. d-AXIS AND g-AXIS INDUCTANCE CALCULATION
USING THE EQUIVALENT MODEL

In the design stage, the calculation of the d-axis and q-axis
inductance is essential for the assessment of performance for the
synchronous motor. It is particularly important when introducing

3 1 ' 4 1 fair 1 < ind Tndasnd thara
the motor in a drive. It is a simple affair in principle. Indeed, there

are several accepted definitions for inductances. As explained by
Lowther and Silvester [12], the most fundamental is:

L= (8)

‘The following formula was derived [14] from the equation

above:
L.1%) ©)
q
Where the stator current space phasor is
2 P L a4 fe N
(Id +jlq):%aa +Ibe"4n/j+]cc-|4n/‘,)e]ﬂ (10)

Using the equivalent model and applying a pure d- and g-

1 ' A + Gald
axis current to the field solution, the corresponding magnetic field

energy in d- and g-axis is calculated. Furthermore, L4 and 1. as a
function of the air gap length and the fill-factor of the rotor are
evaluated (Fig. 13 and Fig. 14), supposing that the relative
permeability of magnetic material in the model equals to 6000.

‘The main conciusions to be drawn from Fig. 13 and Fig. 14
are considered to be:

- For the d-axis field of the linear model (Fig. 13), decreasing the

air gap length and the fill-factor of the rotor oreductive in

terms of increasing the d-axis inductance.
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Fig. 13: Inductance of the d-axis as function of the fill-
factor and air gap length
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Fig. 14: Inductance of the g-axis as function of the fill-
factor and air gap Iength

- For the g-axis (Fig. 14), the change of the g-axis inductance is
very small when the air gap length increases. Especially, 1t is
almost unchanged in the case of rotor fill-factors above 0.4. On
the other hand, as the rotor fill-factor increases from 0.2 to 0.4,
the decrease of g-axis inductance is larger On the contrary, this

rhanos ia amallar adhan tneeancing dhia codae 11 4 an 4
11 ia

Ciange is smancr wnen increasiig uie rowor iin factor from 0.4 to
1.5.

6. TORQUE-CURRENT ANGLE CALCULATION USING
THE EQUIVALENT MODEL

In order to improve the rotor structure, the torque per
Ampere as a function of the load angle and rotor fill-factor has
been calculated using the equivalent model for different rotor fill-
factors and current angles. The basic principle is based on the

hanoa. of ca_anaroy of twa nogitiang
naiigs - U1 CO-CIICTEY Ui WWO POSILGIS.

T = cho~cncrgy an
AD

Fig. 15 shows that 0.5 of the rotor fill-factor and 45" of the

load angle are recommended to achieve the maximum torque per
Ampere for this rotor design.

Torque per Amp (NmrvA)
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Fig. 15: Torque-current angle characteristic
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7. CONCLUSIONS

Equivalent anisotropic modelling of the axially-laminated
rotor is an efficient method to evaluate the specific field
characteristics of a realistic synchronous reluctance motor with
axially-laminated rotor. Using a less fine finite element

discretization results in reduced computational costs. Good
agreement in d- and g-axis flux density distribution, as well as in

the air gap radial flux density distribution is found between the
ne air gap radia: uxX Gensily Gistnoulion een ne

realistic and the equivalent models. A harmonic analysis shows
that the stator slot harmonics are not important components for the
d-axis and are ‘paﬁu,mm 1y present in the q—a)uS air gap flux ue‘l‘lilly
distribution. Calculations of the torque-load angle characteristics
indicate that 0.5 as the value for the rotor (fill-factor is
recommended to achieve the maximum torque per Ampere for this
rotor design.
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