MITSUBISHI
AV N ELECTRIC

MITSUBISHI ELECTRIC R&D CENTRE EUROPE

© 2015 IEEE

41st IEEE Industrial Electronics Society Conference (IECON), Yokohama (Japan), Nov. 2015

DOI: 10.1109/IECON.2015.7392204

Synchronous Reluctance Motor Multi-Static MEC Model

G. Bueno Mariani
A. Besri

N. Voyer

C. Chillet

M. Fassenet

L. Garbuio

Personal use of this material is permitted. Permission from IEEE must be obtained for all other
uses, in any current or future media, including reprinting/republishing this material for advertising
or promotional purposes, creating new collective works, for resale or redistribution to servers or
lists, or reuse of any copyrighted component of this work in other works.”


http://dx.doi.org/10.1109/IECON.2015.7392204

Synchronous Reluctance Motor Multi-Static MEC
Model

G. Bueno Mariani, A. Besri, N. Voyer

Mitsubishi Electric R&D Centre Europe
1, allée de Beaulieu
CS 10806
35708 RENNES CEDEX 7

Abstract—High efficiency, low cost and high reliability
electrical machines are designed to meet very demanding
specifications for a wide range of applications. The SynchRM
(Synchronous Reluctance Motor) has very interesting properties
and features. One of the main advantages is that the motor can
be designed without rare earth materials permanent magnets. In
this article, a modeling method of such machines using the MEC
(Magnetic Equivalent Circuit) is proposed. The main challenges
are to obtain a very accurate model in order to calculate torque
variations and be a parametric model for optimization. For this a
precise air gap modeling is needed. For future work this model is
going to be first coupled with an electrical circuit for control
design and secondly used for machine optimization.
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Magnetic Equivalent Circuit (MEC), Reluctance Network, Motor
modeling, Air gap modeling.

I. INTRODUCTION

Motor modeling was widely studied over the years, some
methods are well known for low computational cost, while
others for accuracy. On the domain of modeling
electromagnetic motors the 2-D FEM (Finite Element Method)
is a well know method, which results are close to the reality.
However it is costly in terms of computational time. On the
other hand, analytical models exhibit low computational cost,
but are not very accurate when the studied geometries become
complex. The intermediary solution can be the MEC
(Magnetic Equivalent Circuit), which is also known as Semi-
Analytical model. MEC presents a good compromise between
computational cost and accuracy [1].The model is built on the
environment of [18]. This environment allows accessing the
Jacobean of the output parameters, which can be used to motor
optimization and also to access the instantaneous values of
inductance [3].

The torque produced by SynchRM is purely reluctant. One
of the main problems with this kind of machine is the power
density and the power factor that are not very high, but new
studies to increase the saliency rate of the machine [4]-[7]
were developed to improve them making the SyncRM a real
competitor to the asynchronous machine. Another advantage
of the SyncRM is the absence of rare earth materials, which
makes it an alternative to usual permanent magnet
synchronous motors. The studied motor is shown in Fig. 1.

C. Chillet, M. Fassenet, L. Garbuio

Univ. Grenoble Alpes, G2Elab, F-38000 Grenoble, France
CNRS, G2Elab, F-38000Grenoble, France

The SynchRM stator is similar to an asynchronous stator.
Inside the rotor, flux barriers limit the magnetic flux in Q-axis
direction. D-axis flux passes freely through iron parts between
flux barriers (ribs). At extremities of flux barriers there are
little iron bridges in place for mechanical issues. In an
electromagnetically point of view these bridges are a problem,
but they are narrow and their high saturation limit the flux
passage.

Q-AXIS

Fig. 1. SynchRM with flux barriers.

A method to build the MEC model of the SynchRM is
proposed in this paper. In the first two parts the MEC of the
stator and the rotor are presented and explained. The third part
addresses the air-gap model and the rotor displacement. The
fourth part is focused on coupling the MEC model with the
electric circuit. The fifth part shows the results of the model.
Finally, the last part makes a conclusion of the developed
method, and sets the perspective for future works.

Il. STATOR MODEL

The model of the machine is built in three steps, first the
stator with validation after the rotor with validation and finally
the air gap. Owing to symmetry, only one half of the machine
was represented in our MEC model. Finite Element
simulations (Flux2D software [17]) are used to build and
validate the model.

For the stator study the rotor is considered homogeneous,
isotropic and highly permeable (ur=10000) in order to
decouple its effects. The stator material is a non-linear model



of the M400-50A iron steel. The studied geometry is shown in
Fig. 2

Fig. 2. Stator of the SynchRM

The three phases of the stator are fed by a three-phase
current system (max value Ip). Magnetostatic simulations
were made with several Ip and phase values.
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Fig. 3. Isoflux plot in the stator/Flux density with peak current value 65A.

With the Fig. 3 it is possible to analyze the flux paths, flux
density and slots flux leakages. The levels of flux density are
higher (2.4 T) in the teeth and on the top of the slots (this level
of flux density is not reached in normal conditions of work).
So these regions must be well discretized to make a correct
MEC model. Fig. 4 shows the discretization of one tooth and
also how the yoke is modeled. The lines inside the elements
represent the model direction of the flux.
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Fig. 4. Tooth and slot leakage model.

The formulation of one element as reluctance is defined by:

S (1
u-S
where | is the length of the element, S the surface and p is the
permeability defined by the material and the flux density.

For example the yoke reluctance (repl) is defined by:

[[ﬁ + HE + Rotor _ Radius + G) . %J
Yoke _ length = (2)

48
Yoke _Surface = HC - LM (3)

where HC, HE and G are defined on Fig. 4, and LM is the
length of the motor.

All the other elements are defined in the same way. The air
gap will not be discussed now. At this step, air gap is simply
modeled by an identified reluctance between each tooth and
the rotor. The stator teeth are split in two parts to make
possible the introduction of the slot leakage flux. The leakage
reluctances are the elements 7, 8 and 9 in the Fig. 4.

With more reluctance elements the model becomes closer to
the reality. But there is a compromise between number of
elements and computation time.

In order to validate the stator model, many comparisons of
the two methods (FEM and MEC) were made. For illustration
the angular evolution of two tooth fluxes are shown in Fig. 5.
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Fig. 5. Teeth flux evolution of the stator model with peak current value 65A.

The maximum difference between the models is about
4.5%. This dereference is considered as satisfactory and the
model of the stator is considered as validate.

I1l. ROTOR MODEL

The SynchRM has a very complex structure of rotor which
makes the evaluation of flux paths and flux density more
complex. So the work is going to be made in two different
parts. Firstly, the motor is going to be excited only in Q-axis.
Then in a second stage the D-axis is going to be excited.

A. Q-axis excitation

Fig. 6 shows how the flux flows in the rotor with a Q-axis
excitation.
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Fig. 6. Isoflux/Flux density purely Q-axis excitation (65A peak value).

The analysis of Fig. 6 shows that the main flux path is in
the bridges between flux barriers. There are also the flux paths
that pass through flux barriers. They are considered as leakage
fluxes since the flux barriers are made by air.

When analyzing the flux density in the rotor it is very clear
that the saturated areas are the bridges at the extremities of
flux barriers. The bridges are going to be high saturated since
they have a very narrow path to pass the flux. Fig. 7 shows
how the external bridges and the flux barriers were modeled.
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Fig. 7. Flux Barriers Modeling and external bridges model

The external bridge is modeled as it follows:
External _Bridges Length = LFB =1.35*BBW  (4)
External _ Bridges _Surface = LTW - LM (%)

The internal and external bridges are the most saturated
elements of the model, so it is crucial to well model these
elements. To find the length value (1.35 BBW) several tests
were necessary to reduce the error to a minimal level. The
internal bridges are not shown in this paper but they are
modeled exactly the same way.

B. D-axis excitation

Fig. 8 shows the flux density and the flux lines in the motor
for the case of a D-axis excitation.
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Fig. 8. Isoflux/Induction purely D-axis excitation (65A peak value).

With this excitation the main flux paths are located
between the flux barriers (ribs), instead of flowing through the
flux barriers. The flux density in these regions is
homogeneous and allows a model with only two elements per
rib.

Another important observation is that in this case the stator
is more saturated than the rotor. This means that an error made
in the stator model will directly reflect in the rotor model.

Fig. 9. Rib model.

Fig. 9 shows how the ribs are modeled. The rib is split in
two parts to introduce the leakage of the flux barrier when the
two axes “D” and “Q” are excited simultaneously. The
validation can also be made by a comparison between the
fluxes in certain regions of the rotor when Iq varies. In the Fig.
10 two fluxes are compared with the FEM simulation, the
concerned elements are the most saturated part in the rotor, the
bridges near the air gap (external bridges).
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Fig. 10. Evolution of two external bridge fluxes with Q excitation current.



Comparing the results of the two models the difference
between them is around 2.5%, so the model is considered
valid.

Finally the half of the model of the rotor and the stator is
shown in Fig. 11. The air-gap is going to be discussed further.

Fig. 11. Stator and Rotor MEC model.

The model of half motor is represented by 414 elements in
total, not taking into account air gap elements.

IVV. ROTOR MOVEMENT

A. Air-gap Definition

The air-gap reluctance can be determined by the flux that
flows in the air-gap. Many papers tried to determine the flux
density or the flux flow in the air-gap [8]-[14]. But they are
very complicated to implement in a MEC model, and they
may increase the model calculation time.

The chosen method is to cut the rotor surface into zones and
then consider a reluctance between each zone and each tooth.
Each reluctance varies with the rotor position. To evaluate
them a FEM analysis was made.

Two punctual singular MMF sources (1A) are put in one
tooth as can be seen in Fig. 12 (S1, S2). The stator and rotor
material is modeled with high permeability (1,=10000), the
rotor has no flux barriers.
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Fig. 12. EF simulation for air gap definition.

The goal of this simulation is to evaluate the flux that
flows from the fed tooth to the rotor. The points P1 and P2
determine a certain zone of the rotor. The points P1’ and P2’
represents the same zone after a given rotor displacement 6.

The value of the air gap reluctance of the zone determined
by P1 and P2, is given by:

N-I 1
= (6)
¢ Pp1(60) — 5, ()

From (7) it can be seen that the flux varies with the rotor
position (6). So it is absolutely necessary to know the
evolution of the flux with the rotor position.

So Fig. 13 is plotted by the FEM analysis. It shows how the
flux changes with the rotor position.
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Fig. 13. Flux in the air-gap.

A Fourier series F(0) is obtained from this curve (Fig. 13)
and used as the function to determine the reluctance value:

R - 1 (7)
F(P1+6)-F(P2+0)
where 4 is the rotor position, P1 and P2 are the positions of the
points defining a certain zone when 6=0.

The problem of this method is that it is not possible to
change the parameters of the motor model, since the Fourier
series are imposed by the geometry of the machine. Currently
a parametrized analytical model is being developed in order to
replace the Fourier series. This work will be published later.

B. Sources Displacement

In [15] the model connects all the stator teeth to all rotor
zones. However this technique has a limitation due to the high
number of air-gap reluctances needed for the modeling.

Perez shows in [16] another technique in which the MMF is
defined by only the first harmonic, which makes the sources
displacement easier, since the change in the source value is
made directly in the angle of the harmonic.

Based on these ideas a mixed model is created. The first
step is to discretize the rotor in some zones; in this case,
bridges fix them. Each zone has an interaction with some of
the stator teeth represented by an air reluctance which value
changes with position rotor position.

In the Fig. 14a the example shows that the zone 1 of the
rotor has interactions only with the teeth 1, 2 and 3 of the
stator. All other teeth interactions are neglected. Once 0 is
higher than one stator tooth pitch the connection changes to
the teeth 2, 3 and 4. Instead of completely changing the MEC
the method shown in Fig. 14b is adopted, in it once 0 is
superior to stator tooth pitch the sources of MMF will change
places.

To sum up, between 0 < @ < (tooth pitch) the reluctance are
depending of rotor position 6. For @ higher than tooth pitch the
sources change places to avoid a new MEC, which reduces



computational time and does not change the accuracy of the
model.
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Fig. 14. Source displacement.

In Fig. 15 it is shown some of the MMF definitions for the
low layer winding before and after the source rotation.

a)Winding upper layer (initial) b)Winding upper layer (after
source displacement)
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Fia. 15. Source rotation.

V. CIRCUIT COUPLING

The model is controlled by MMF sources, so phase currents
are inputs of model instead of voltage. An extension of model
is necessary to make possible the connection to a circuit
simulator. Based on (8) it can be deduced a way to calculate
the current using the outputs of the model and its derivatives.

dt di dt do dt

Equations (9), (10) and (11) are expansions of (8) for the
three phases of the motor.
dia dia N dia dib N dAa -%+ dAa
dia dt dib dt dic dt dé&

.w+R-ia 9

Vo_d4b dia  dib dib dib dic dib o .i)
dia dt dib dt dic dt d@

dia dt dib dt dic dt dé

From (9), (10) and (11) it is possible to control the motor by
voltage instead of current. These expressions of the phase
voltages are used to couple our model with a circuit simulator
(PSIM and Matlab/Simulink).

VI. RESULTS

The MEC model has also the advantage of providing the
Jacobean, so since the co-energy (w*) of the MEC model is
already calculated, the electromagnetic torque is estimated
directly from:

_ dw> (12)
o de
The results from (12) are obtained directly from the
Jacobean of the model.
Fig. 16 shows a comparison between the torque obtained by
the FEM and MEC models with three phase currents.
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Fig. 16. Torque result for 3 phases current fed model (65A).

The max difference between the two methods is 6.5%.
What is remarkable in this result is that the model has a phase
difference of 1°, but both of them have the same torque ripple
appearance. The difference in the average torque is 2,1%.

Fig. 17 shows the results when the windings of the models
are suddenly connected to a three-phase voltage source
synchronized with the rotation. (1000V, 25Hz, 1800rpm,
R=1ohm).
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Fig. 17. Current result for voltage fed model.
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Fig. 18. Torque result for voltage fed model.

The torque difference (Fig. 18) in steady state is 9.9%,
which is higher than before due to the addition of the error of



the current calculation (which is not present when the current
is imposed). It also can be seen that the model response in
transient region is quite accurate.
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Fig. 19. Torque result for voltage fed model zoom

Fig. 19 shows a zoom in the torque results from Fig. 18.
The rectangles show the torque ripple caused by the slots
(tooth period). Two consecutive periods are not the same
because of windings distribution. The circles show the ripple
due to the interaction between rotor zones and teeth.

The other torque variations which appear only in the MEC
model are characteristics of the model, but it can be seen that
the torque ripple is well represented even with such problems.

VII. CONCLUSION

This paper has shown an effective technique to create
accurate dynamic (multistatic) MEC model. The results are
very satisfactory and the torque ripple is well represented.
Many difficulties were overcome, including the modeling of
the air gap, the movement of the motor and the coupling with
the electric circuit.

A new model of the air gap is currently being developed
and will be presented in a future paper.

The model has yet the advantage to be coupled directly with
an electric circuit simulator (PSIM, Matlab/Simulink...) to test
motor control.

It is also important to add that the development of model in
CADES software [18] has the advantage of giving the
Jacobean, which is another advantage when compared with the
FEM model. The Jacobean allows access to the instantaneous
inductance, and also is very important to the motor
optimization afterwards [2].

The calculation time for our MEC model is significantly
reduced(four times) when compared with the FEM model.
(you have additional outputs of the modeling in addition to
magnetic information B, L , flux ... your have) the time
comparison includes time of post processing at FEM tool? At
your tool ?
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