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Heat Characteristics Analysis of Synchronous Reluctance Motor Using FEM
Coupled Electromagnetic Field and Thermal Field
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This paper reports the development of an analysis method in a synchronous reluctance motor (SynRM) using
the finite element method (FEM) coupled with the electromagnetic field of the Preisach model, which repre-
sents an additional thermal source due to hysteresis loss and a thermal field. This study focused on thermal
analysis relative to hysteresis and copper losses in a SynRM.
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1. Introduction

Efficiency and torque/ampere are important for evaluating
the performance of electrical machines.

The characteristics of electrical machines depend mainly
on the behavior of various losses in the machine. There-
fore, a study of the heating problems of electrical machines
including the temperature rising prediction of the magnetic
core, teeth, insulation, conductor etc. are essential for
sophisticated design, and are extremely complex.

An accurate solution is important for maintaining the
design integrity, ensuring high performance and optimizing
the cost.

For this purpose, it is essential to predict more
accurately the temperature distribution and its gradient in
electric machines. The heat losses of SynRM results
mainly from the Joule effect on the copper winding and
the hysteresis loss of magnetic materials.

The heat generated by copper windings can be obtained
from the results of a general process used in the heat
transfer analysis method [1-5].

However, the hysteresis component in the internal
thermal source has been obtained traditionally using
analytical techniques, with many simplifying assumptions
with respect to geometry and manufacturer material data.

The Preisach model is considered a powerful hysteresis
model, and has been a major research focus [6, 7].

With the advent of the Preisach model, numerical
techniques for modeling the additional thermal source in a
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magnetic material can be obtained.

This study performed finite element analysis coupling
the electromagnetic field of the Preisach model with the
thermal field of a SynRM. In addition, dynamic charac-
teristic analyses were performed to determine the effect of
Joule and hysteresis losses.

In this study, a thermal analysis method in a SynRM
was developed to examine Joule and hysteresis losses.

2. Finite Element Method Coupled
Electromagnetic Field of Preisach
Model & Thermal Field

2.1. Governing equation of SynRM in electromagnetic
field
Maxwell’s equations can be written as

> >

V x H=J, (1)

(V- B)=0 @)

> 12> >

B=—H+ M 3)
o)

where i is the magnetization of magnetic material with
respect to ‘£>he magnetic intensity A . The magnetic vector
potential 4 and the equivalent magnetizing current is
expressed as follows:

> >
B=V x 4 “
> -

I n=0,(V x M) ®)
The governing equation derived from (1)~(5), is given as

N
Vo(V xV xA)=Jo+Jn (6)
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2.2. System Matrix
The system matrix can be written as follows:

[K(e)]{A(e)} + {F(e)} + {M(e)}zo (7)
K= Uge) FO— (e)Ni
Where’ ij _4A(€)(Ciecje + diedje)a i =—A ﬁ

M=o M, + e,
The overall model is described by the following matrix:

[KI{A} + {F} +{M}=0 ®)

2.3. Finite element formulation of SynRM in thermal
field

In the thermal field, the finite element model corre-
sponding to a variational formulation of the heat con-
duction problem with convective boundary conditions and
thermal sources for a typical element is given by the
following matrix equation.

[Me](%[Tel +([ST]+ [H]+[G ]+ [G,DIT]
=[F1+ [FL]+[P]+[R7] )

where dit[Te] is time derivative temperature vector, [M°]

is the thermal capacity matrix, [S°] is the thermal

conductivity matrix, [H°] is the convection matrix, [G°]

is the resistivity temperature dependency matrix, [T°] is

the temperature vector, [F°] is the Heating sources vector

due to the copper winding, [F;,] is the Heating sources
€

vector due to hysteresis of materials, [P"] is the convec-
tive vector, [R®] and is the Boundary vector

211
e e,k
[M]=peAs|y 2 1), [Sil=75 (cic; + did))
112
AP0y 000, 1201
[H]==1 2 of +=E 02 1|+ =00 o
000 012 102
211 ) 1
1-aTy)A
[Ge]=—p00LJ2Ai 12 1) [Fe]:—p‘)]"( oTo) 1,
12 3
112 1
1 0 1
[Pe]:hijlziijl +hjk12ika1 +hkj12kinO
0 1 1
1 0 1
;T 1, T 1T
ep—di 0| | 4 k0| |4 kiZ0
[RI=5"1|+ 51|+ 5
0 1 1

-139-

where, p, is the electric resistivity at T, temperature
[Q-m], a is the linear expansion coefficient [/K], T; is
the undisturbed fluid temperature [K], and 1 is the length
between node [m]

The convective heat transfer coefficient was calculated
from the following equation [4]:

h=h=h,(1 + 1.3./v;)

where hy is the forced convective heat transfer coefficient
[w/(m2 -K)], h, is the natural convective heat transfer
coefficient [w/(m2 -K)] and vf is the average fluid
velocity [m/s].

2.4. Additional Heating Source

An additional heating source known as hysteresis loss
can be included in the system matrix of thermal analysis
according to the following new concept.

The energy dissipated per unit volume of a material and
per complete cycle is the area enclosed by the B-H loop
for particular limiting values of the maximum H or B in
each element of the analysis model, as can be seen from
the typical loop in Fig. 1. The unit is as follows:

tesla x ampere/meter=weber/meter” X ampere/meter
Voltx secondx ampere/meter’=Joule/meter’ (10)

The hysteresis loss of each element [L°] relationship can
be matched to R J;,, approximately and R .=p,1/S .

where R, is the core loss resistance, and the eddy
current portion for R, is infinitesimal compared to hy-
steresis one due to the low speed performance (500 rpm).
Jion 18 MOt an equivalent magnetizing current density J,,
but an equivalent iron loss current density. S is the area of
the element and 1 is the stack length of the SynRM.

B(T)

»
»

H (A/m)

A

[OHysteresis loss L°(J/m’)
B Fed and returned energy

Fig. 1. Energy state of the hysteresis loop.
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Therefore, an additional heating source in 2D thermal
analysis is as follows:

S | 211
[Gal=[LIang5 1 2 1]
112
L°1S/1(1 T A_l
ope LIS/ - aTu)a)
3
L1

An area of the hysteresis loop, which is calculated by
Preisach modeling, can be found by integration over a
cycle.

Wigyele=Hysteresis_LosS;cycle= IB dH (11)
leycle
Calculations of hysteresis loop areas are performed over
the entire element of the analysis model. The next
subsection deals with the Preisach model.

2.5. Application of the Preisach Model

Preisach modeling is a powerful method for examining the
hysteresis characteristicd within a SynRM or other electric
machines [8,9]. In Preisach modeling in the present
study, the M-H relation was used instead of the B-H
relation.

The analysis was performed considering the vector
quantities due to the difference between the applied field
and magnetization of the entire hysteresis phenomena.
Otherwise, the vector analysis is complex and calculation
errors are unavoidable. Therefore, the new algorithm for
an analysis of rotating machines should be established.

The rotor moves synchronously according to the input
current angle 6, as shown in Fig. 2. Therefore, the domain
in the stator is meant to be an alternating field with
reference to the x-axis and y-axis. B and H of the domain
in rotor were not only a constant and a rotating field, but
also an alternating field with reference to the x- and y-
axis.

The angle between the applied field and magnetization
is 0 or 7 on the X, y-axis. A Preisach model for a rotating
machine can be represented as a scalar model, which is a
special feature of vector hysteresis, as shown in (12).

M and H calculated on the same axis have the same
vector direction.

Therefore, magnetization M can be analyzed by calculating
the quantity just in a rotating machine.

M(0)=[[ a2 i@, B)Vup( H(1))drd B
=[5 e Bydodp— ([ u(e, Bydadp (12)
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Fig. 2. Rotating(e), stationary(s), X, y axis.

A more convenient treatment of this model is to
substitute the Everett plane for the Preisach model, as
shown in (13) [10].

E(a, B)=[[uzpt( @ B)yap(H(1))dadpp (13)

In the Everett plane, the distribution of M accepted
from the experimental data of material S40 are Gaussian.

3. Calculation Procedure

Fig. 3 shows a flowchart of transient thermal analysis
of a SynRM using electromagnetic of Preisach’s model
coupled with the thermal finite element method taking
rotation into account.

The FEM of an electromagnetic field is a current source
problem, which is divided by the sampling time At, and
synchronous speed of steady state analysis is 500 rpm.
The sources of thermal field analysis are the current
density, which is divided by the sampling time At, and
the hysteresis loss area L°, which is calculated using the
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v

FE steady state Analysis of
Eectomagnetic field

t=t+At with Preisach Model
Jo( ) (current source divided by At)
-
Jol Hysteresis l<$s area L°
Motion Analysis FE Analysis of
& Moving Mesh Thermal field
g transient analysis depending onAt)

A
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No Yes

Fig. 3. Flowchart of analysis.
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Fig. 4. Temperature rising of the elements of stator, rotor and
the whole SynRM.

electromagnetic field coupled with the Preisach model.
The thermal analysis is transient and dependent on time.

4. Result And Discussion

Fig. 4 shows the temperature rising data of the analysis
model in the proposed method and conventional method.
The (a) group shows the temperature rising in an element
of stator teeth, and the (c) group shows the temperature
rising in an element of the rotor.

The rotor would have almost zero loss because the
spatial flux wave in a SynRM is rotating at the same
angular velocity as the rotor. As a result, the rotor flux
wave is constant.

Therefore, most hysteresis losses in the stator and rotor
are infinitesimal, as shown in Fig. 4(a), (c).
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Fig. 5. Temperature distributions of SynRM in 360°.
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Fig. 6. Temperature distributions of SynRM in 720°.
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Fig. 7. Temperature distributions of SynRM in 1440°.

The (b) group represents the total temperature rising of
an analysis model. The temperature rising rates of the
proposed method compared to the conventional methods
were 0.0044% at 360°, 0.0078% at 720° 0.0149% at
1440°, 0.0288% at 2880° and 0.0416% at 5760°. It is
natural that the temperature rising rates of the proposed
method increase with increasing revolution angle (mech-
anical angle) or frequency in proportion to hysteresis loss
rising.

Figs. 5, 6 and 7 show the thermal distributions series in
360°, 720° and 1440°, respectively. Most of the temperature
distributions were in the stator, and the temperature
distribution in the rotor is infinitesimal. As a result, most
losses (copper, hysteresis loss) of SynRM occur in the
stator.

5. Conclusion

Where possible, without incurring undue complexity,
the heat transfer coefficients derived in this paper were
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used as general coefficients. Issues, such as the heat
transfer coefficient are important and a complex problem
in the physical field because the use of a general approach
without adequate attention to the physical model can
frequently lead to serious error. However, these problems
will require more research.

The main focus of the paper was to derive a thermal
transient solution for SynRM from a conventional heating
source (copper loss) and another heating source related to
hysteresis loss. The proposed method showed that
additional thermal rising occurs in each element of the
analysis model.

Such an approach to the loss problem of electrical
machines will provide a valuable aid for those in search
of high performance machine design methods.

More research of the theme, both physically and
numerically, is currently underway.
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