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Abstract

In this paper, Switched Reluctance Motor (SRM) for electric vehicle (EV) is designed using finite element method
(FEM). The static torque of SRM is estimated with the magnetic field analysis. The temperature rise with time of
SRM is estimated with the heat transfer analysis. First, the static torque and temperature rise with time of 600W
SRM for sample machine are measured in the experiment, and they are compared with the calculated results using
FEM under the same conditions. The validity of magnetic field analysis and heat transfer analysis is verified by the
comparisons. Then, the 60 [kW] SRM for EV, which has the output characteristics equal to 1500 [cc] gasoline
engine, is designed with the magnetic field analysis and heat transfer analysis.
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1. INTRODUCTION

Recently, the depletion problems of the petroleum en-
ergy, the serious environmental problem of global warm-
ing by CO, and air pollution by NO_have been caused
by the rapid development of the car society. As a solu-
tion for these problems, the following gradually spread:
High mileage automobiles and low emissions vehicle
represented in hybrid car (HV). However, especially,
the penetration ratio of HV stagnates, and it is hard to
be called a winning hit which solves the problem. As
the reason, that the price of HV becomes higher than the
price of gasoline-powered vehicle (GV) of the equal class
is mentioned.

Switched reluctance motor (SRM) is a motor using re-
luctance torque which originates from the change of the
magnetic resistance in magnetic circuit. The stator and
rotor have the salient pole structure, and they are made
from the laminated non oriented electrical steel. The
concentrated winding coils are installed only in the sta-
tor. SRM has solid features and features as a low cost
since SRM has the structure which is very simpler than
induction motor and synchronous motor. And, winding
coils and permanent magnet are not used in the rotor.
Therefore, SRM has the possibility of standing high-
speed rotations and operations in high temperature state,

and the operations under inferior road surface condition
for always receiving the impacts and vibration, which
are assumed in the application to electric vehicle (EV)
[Chiba, 2002].

The problems that torque pulsation and noise were big
in the initial development of SRM drive existed. How-
ever, those problems are being solved by development
of the power electronics and improvement in the tech-
nology [Morimoto et al., 1999]. The improvement of
basic performance for the SRM drive contributes to the
extension of the application field, and the application of
SRM to the electric automobile (EV) begins to be ex-
amined recently. In the institutes, the following have
already been observed: Reports on the design of SRM
for EV and reports on performance enhancement of the
control method for SRM assuming the application to
EV.

Authors are tackling the project which develops the con-
vert EV with the power performance which is equiva-
lent to the GV of the 1500 [cc] class. In the project,
SRM with solid features and features as a low cost is
chosen, and SRM mounted in convert EV has been de-
signed. The following goals as design guidelines are
raised: Equivalent output characteristics with 1500cc
gasoline engine, and making smaller and lighter. And,
FF (the front engine front-wheel drive system) is adopted.
Then, SRMs of 2 machines are used in order to omit the
differential gear.

In this paper, design process of SRM for EV using mag-
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netic field analysis and heat transfer analysis of finite
element method (FEM) is reported. With the reference
of authors, there seem to be no report which designed
SRM for EV using both analysis of FEM. First, the static
torque and temperature rise with time of 600W SRM
for sample machine are measured in the experiment, and
they are compared with the calculated results using FEM
under the same conditions. The validity of magnetic
field analysis and heat transfer analysis is verified by
the comparisons. Then, the design procedure of SRM
using both analysis is explained, and SRM for EV with
output characteristics which is equivalent to 1500cc
gasoline engine is designed.

2. STATIC TORQUE

2.1 Calculation of static torque

Inductance and static torque of 600W SRM for sample
machine are calculated using ANSY'S software of FEM.
Figure 1 shows the analytical model of SRM. Table 1
shows the condition of analysis. Table 2 shows the speci-
fication of SRM. Using the analytical model as shown
in Figure 1, the calculation is carried out by the two-
dimensional static magnetic field analysis.

In this analysis, SRM used three-phase and which has
stator of 6 poles and rotor of 4 poles. Since the pole
number of the rotor is 4, the magnetic circuit becomes
the same after rotating 90 degrees, when only one phase
is excited. In addition, the stator salient pole and rotor
salient pole repeat facing condition and non-facing con-
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Fig. 1 Analytical model

Table 1 Condition of analysis

number of node 15173
number of element 7636
mesh size (all area) 0.0013

shape of element triangle

excitation phase of coil one phase only

excitation current 10.0 [A]

current density 1559 x 10° [A/nd]

partial area of coll 51.3 [mm?]
analysis range 0~45 [deg]
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Table 2 Specification of SRM

stator outer diameter 76 [mm]
rotor outer diameter 3755 [mm]
output 600 [W]
air gap 0.2375 [mm]
stack length 50 [mm]
number of windings/pole | 20 [turns/pole]
stator/rotor poles 6/4

Coil

Stator

Rotor

Shaft

Fig. 2 Element distribution

dition for the interval of rotation 45 degrees. It is pos-
sible to obtain the inductance of the 360 degrees rota-
tion by using the calculated inductance of the 45 degree
rotations, if such geometric symmetry is utilized. Then,
non-facing condition of stator salient pole and rotor sa-
lient pole is defined as 0 degrees, and the rotor is made
to rotate 45 degrees of the facing condition. For each 1
degree, the inductance and static torque of one phase
are calculated.
At rotor position 6, the magnetic co energy W'(@) is cal-
culated according to the following equation, while the
rotor is made to rotate from 0 degrees to 45 degrees for
each 1 degree.

' — 1 Bl2
0= 2 )
Where B, is the magnetic flux density of each element,
4, is the permeability of each element, and v is the vol-
ume of each element.
Inductance L(§) in rotor position @is calculated accord-
ing to the following equation.

w0

()= *75(*) @)

Where i is the excitation current.

Figure 3 shows the inductance L(6) in rotor position &
calculated using equations (1) and (2).

Using the W'(6) or L(6), the reluctance torque 7(6) is
calculated according to the following equation.

_ ow'() 12 dr()
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Fig. 3 Calculated results of inductance

Figure 4 shows static torque 7(6) in rotor position &cal-
culated using equation (3). 7(6) of the positive direc-
tion is obtained regardless of the current direction, if the
exciting current is flowing when L(6) increases, because
T(0) is proportional to the derivative for the rotor posi-
tion of the inductance. In short, the rotor keeps rotating
in the positive direction, because the torque of the posi-
tive direction is obtained at every excitation, when the
winding is continued to be excited in the position where
the gradient of L(6) becomes a positive direction.
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Fig. 4 Calculated results of static torque

2.2 Experimental results

The static torque in exciting only one phase was mea-
sured using 600W SRM of sample machine. Figure 5
shows the experiment circuit. The excitation current of
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Fig. 5 Experiment circuit

4 [A] is applied to the one phase of SRM using the DC
power source, and static torque at rotor position & was
measured using the torque meter. The rotor position of
SRM was fixed using the brushless DC motor drive. The
rotor position of SRM can be fixed by controlling rotor
position of the brushless DC motor using the brushless
DC motor drive. There is a speed reducer between
brushless DC motor and SRM. The gear ratio is 6:1.
Therefore, it is possible to rotate the SRM for 1 degree
by giving the command signal which rotates 1/6 degrees
to the brushless DC motor drive. And, the static torque
in the position fixed by the brushless DC motor drive
can be measured using the torque meter. The compari-
son of calculated and experimental results of the static
torque is shown in Figure 6. The static torque calcu-
lated using magnetic field analysis agrees well with the
experimental result measured in same condition. There-
fore, the validity of the magnetic field analysis using
FEM utilized for the design was proven.
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Fig. 6 Comparison of calculated results and experimen-
tal results of Static torque

3. HEAT TRANSFER ANALYSIS

3.1 Calculation of temperature rise

Heat transfer analysis is carried out using the analytical
model shown in Figure 1. However, in the actual ana-
lytical model used, in order to choose the condition equal
to that of experiment, the rotor was removed, and its
region was changed in air space, and number of turns of
the coil was changed at 8 [turn]. Number of turns of the
coil was changed, because the stator in the laboratory
was 8 [turn].

The heat quantity of the coil must be proven in order to
carry out the heat transfer analysis. Then, the magnetic
field analysis is carried out in order to obtain the heat
quantity of the coil. In the magnetic field analysis, the
voltage drop load is given to the coils of excitation phase,
and the Joule heat per unit cube product of the coil is
calculated. The Joule heat obtained in the magnetic field
analysis is set at the coils, and the heat transfer analysis
is carried out.
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The heat transfer between SRM and outside air is done
by natural convection. The heat transfer coefficient in
natural convection was obtained from the simple for-
mula for heat transfer of natural convection [Tanishita,
1986]. In the stator surface of which contacting plane
with the air is smooth, the simple formula for the lami-
nar flow shown in following equation is used.

a= 1.42)((—%{)‘[‘ 4)

Where, « is a heat transfer coefficient, At is a gradient
of temperature change, and / is the core thickness. And,
the simple formula for the turbulent flow shown in fol-
lowing equation is used in the coil surface of which the
plane which contacts the air is not smooth.

a =0.95x(41)} (5)

Temperature gradient 4¢ used in equations (4) and (5) is
assumed its initial value to be 0 [K]. The «is calculated
for the fixed time, and it is renewed in point of time in
which temperature gradient occurred in boundary sur-
face. In this analysis, it was renewed in the 5 minutes
interval by 60 minutes of which the temperature rise was
big. And, it was renewed in the 20 minute interval after
60 minutes that it approached the steady state and that
the temperature change decreases.

Figure 7 shows the temperature distribution after 120
minutes in applying 10 [A] of only one phase. Figure 8
shows the temperature rise in coil and stator during 120
minutes. The positions where the temperature rise of

Table 3 Material property

Material Temperature | Density | Specific Heat | Termal Conductivity
’cl [ke/m’] | [4/Kg:K] [W/m*K]
20 0.383x10° 386
Coil(Copper) 100 8950 0.398 X 10° 379
300 0.425x10° 369
Silicon Steal 20 7770 | 0.460x10° 42
Air _(1atm,300K) 27 1.1763 | 1.007 x10° 0.02614
Coil Stator A

Stator B

T TR )
13,102 e Lol 3008

Fig. 7 Temperature distribution after 120 minutes
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Fig. 8 Calculated results of temperature rise

Figure 8 is observed are 3 places shown in Figure 7.
The one place is coil surface of the excited phase, and
the other 2 places are the stator surface. Stator A is sta-
tor surface of the base of the stator salient pole division
of the excited phase. And, stator B is stator surface which
has separated from the excitation phase most.

3.2 Experimental results

Using the stator of SRM for sample machine as well as
the heat transfer analysis in 3.1, the temperature change
of the coil and stator in exciting only one phase was
measured. The excitation current of 10 [A], which was
the same condition with the heat transfer analysis, was
applied. Using the radiation thermometer, the tempera-
ture of the coil and stator was measured in every 1 minute.
The emissivity of the radiation thermometer was made
to be 0.86. The room temperature in the experiment
was 24.2 [degree centigrade]. Figure 9 shows the com-
parison of experimental results and calculated results of
temperature rise. The continuous line is calculated re-
sult, and the plotting is the experimental result. The
thermometry was carried out at the 3 places equal to
those of the heat transfer analysis.
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Fig. 9 Comparison of experimental results and caicu-
lated results of temperature rise

The experimental results and calculated results have
reached an equilibrium state in about 120 minutes, as it
is shown in Figure 9. The calculated results have low-
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ered only about 1.0 [degree centigrade] further than the
experimental result on the temperature of coil. The ex-
perimental results rises only about 1.0 [degree centi-
grade] further than the calculated results on the tempera-
ture of stator. The calculated results of temperature rise
of the coil in heat transfer analysis tended to decrease
further than experimental result. The heat transfer analy-
sis using FEM has produced the error for the experi-
mental result. However, the sufficient accuracy which
can be used for the design can be ensured by consider-
ing the safety factor. Then, the heat transfer analysis of
SRM for EV is carried out using fixed value (o= 1.0) of
which safety factor is considered.

4. DESIGN OF SRM FOR EV

4.1 Dimension of SRM and moderating ratio
Considering the space in engine room of the base car,
the stator diameters 0f 250, 300, and 350 [mm] are made
to be candidates, and the stator depths of 150, 200, and
250 [mm] are examined for each diameters. The shape
of rotor and stator was decided by referencing [Miller,
1993]. Figure 10 shows analytical model for stator di-
ameter of 350 [mm]. Table 4 shows condition of analy-
sis. Table 5 shows the specification of SRM. An output
of SRM is designed at 60 [kW] in order to obtain output
characteristics equal to gasoline engine of the 1500cc
class. Assuming the utilization of 2 SRMs in order to
omit the differential gear, the SRM of 30 [kW] is de-
signed.
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e 7Y
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%]000 / Third
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Fig. 10 Engine performance curve of gasoline vehicle
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Fig. 11 Analytical model for stator diameter of 350 (mm)

Table 4 Condition of analysis

stator outer diameter 250 [mm, 300 {mm, 350 [mm,
number of node 11377~11785 11481 ~11849 11945~12633
number of element 5598 ~5802 5650 ~5834 5866 ~6210
mesh size gall area) 0.0055 0.0065 0.0070
shape of element riangle triangle triangle
itation phase of coil one phase only one phase only one phase only
excitation current 100 TA] 100 TA] 100 [A]
current dencity 84669 % 10°[A/ni] | 8.3819%10°[A/nf] | B.4560 x 10° [A/ni]
partial area of coil 555.10 [mm’] 799.34 [mm’) 1087 99[mm?]
analysys range 0~45 [deg] 0-~45 [deg] 0~45 [deg
Table 5 Specification of SRM
stator outer diameter 250 [mm] 300 [mm] 350 [mm
rotor outer diameter 1235197 [mm, 1482236 [mm, 172.9276 {mm,
output 30 [KW]x2 30 [KW]x 2 30 [KW]x2
air gap 0.2375 [mm] 0.2375 [mm] 0.2375 [mm]

stack length
number of windings/pole
stator/rotor poles

150, 200, 250 [mm 150, 200, 250 [mm 150, 200, 250 [mm
47 [tumns/pole] 67 {turns/pole] 92 [tums/pole
6/4 6/4 6/4

Table 6 Average torque

Motor size | stack length | Excitation Current | 3 phase Average Torque
[em] [em] [A] [Nm]
15 100 148.45123
25 20 100 197.93497
25 100 24741871
15 100 238.94170
30 20 100 318.58893
25 100 398.23616
15 100 356.26735
35 20 100 47502313
25 100 59377892

Table 7 Average torque considering moderating ratio

Motor size | stack length [ Excitation Current | 3 phase Average Torque
fem] fem] [A] [Nm]

15 100 742.25613

25 20 100 989.67484

25 100 1237.09356

15 100 1194.70848

30 20 100 1592.94464

25 100 1991.18080

15 100 1781.33675

35 20 100 2375.11567

25 100 2968.89458

Large torque is required so that the EV may start. Table
6 shows the average torque of sum total of 2 SRMs de-
signed. The average torque is the sum total of the three-
phase. The average torque in not using speed reducer
shown in Tables 6 is much smaller than the performance
curve of gasoline engine shown in Figure 10. From this
fact, it is clear that speed reducer is necessary. Then,
the speed reducer shall be established between the SRM
and driving shafts. The speed reducer used here is only
one ratio, and it is not a change gear used in gasoline
vehicles (GV).

Though, it is good for the acceleration from the arrest
state, because the torque increases, when moderating
ratio is increased, and the maximum speed lowers. And,
the dimension of the gearbox increases, and it does not
fit the space in the engine room. Then, optimum moder-
ating ratio of 1/5 is adopted, and starting torque and
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performance of high speed operation which are equiva-
lent to GV are obtained. Table 7 shows the average
torque of sum total of 2 SRMs considering moderating
ratio of 1/5. The average torques which are equivalent
to the peak torque of GV are obtained for the following
conditions: the depth of 250 [mm] for diameter of 300
{mm], and the depths of 200 and 250 [mm] for the for
the diameter of 350 [mm]. Considering the shape of the
space in engine room of the base car, there is no allow-
ances for the depth. Then, diameters of 350 [mm] and
depth of 200 [mm] are selected.

Only static torque which arises, when the constant cur-
rent has been applied in the arrest state, has been exam-
ined until now. However, the generated torque decreases,
because the delay occurs in the stator current, when the
rotational frequency of SRM rises. Dynamic simula-
tion considering the electrical characteristic of the coil
and mechanical system are necessary to examine the
generated torque in the general transit. The generated
torque in the general transit-time will be examined in
the next project.

4.2 Calculation of temperature rise

The temperature rise of SRM for continuous operation
at the rated current of 100 [A] is verified. In the rated
operation, the temperature of the coil is forbidden to
become over 140 [degree centigrade]. Then, the heat
transfer analysis in applying current of 100 [A] to the
coil for 1 hour is carried out, and the temperature rise of
coil and stator is verified.

The analysis was carried out using the analytical model
which added cooling system to analytical model of Fig-
ure 11. Figure 12 shows the element distribution of the
analytical model which added cooling system. The
analysis was carried out using the copper pipe using the
water as a cooling system as a refrigerant. The copper
pipe was used as a cooling system, and the water was
used as a refrigerant. The shape of the copper pipe is
the column of the 14 [mm] outer diameter and 12 [mm]
inner diameter.

The initial temperature difference is made to be 0, the
calculation is started, as it was described at 3.1, and heat
transfer coefficient «is renewed in point of time in which
temperature gradient arose. However, the constant value
a= 1.0 [W/m?K] considering the safety factor is used
for the stator surface in this analysis, since the calcula-
tion time is shortened. In comparison with the case in
which it is calculated while « is renewed considering
temperature change, the temperature rise increases when
it is calculated using constant value a = 1.0 [W/m?K].
The water is compulsorily run in the copper pipe. There-
fore, it is the forced convection of the water in the cop-
per pipe. The general value of average heat transfer
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coefficient for the water flow inside the cylinder is 6000
[W/m?K] [Nishikawa et al., 1982]. Then, o= 6000 [W/
m?K] is set for the water in the copper pipe in this analy-
sis. The air gap in the SRM inside becomes aerial forced
convection, because the rotor rotates. The average heat
transfer coefficient of the aerial forced convection in
the cylinder is 50 [W/m?K] [17]. However, the SRM
inside is hard to be called a cylinder. Then, the heat
transfer coefficient of the SRM inside is 30 [W/m?K],
which is middle value of the average heat transfer coef-
ficient 6 [W/m?K] of natural convection and average heat
transfer coefficient 50 [W/m?K] of forced convection.

Table 8 Material property

Material Temperature | Density | Specific Heat | Termal Conductivity
r°cl [kg/m’] |  [J/Kg K] [W/m-K]
! ! 20 0.383%10° 386
Coil*
oliroopper pipe 100 8950 | 0398 x10° 379
(Copper) 300 0.425 x 10° 369
Silicon Steal 20 7770 0.460 x 10° 42
Tron 20 7830 0.465 x 10° 54
Water 20 9982 4183 %10° 0.602
Air (1atm,300K) 27 11763 | 1.007x10° 0.02614
Copper pipe
GCoil
Stator
Rotor
Shaft

Fig. 12 Element distribution

The current is applied to each coil in the order of the
excitation timing. It is assumed that the three-phase cur-
rent is flowing simultaneously, because the excited phase
is switched at high speed. The current of 100 [A] per 1

phase is flowing instantaneously. However, it is assumed
that it is flowing at the 57.74 [A] per 1 phase is flowing,
because it is assumed that the current of three-phase is
flowing simultaneously.

Figure 13 shows the temperature distribution. The tem-
perature after 60 minutes is 62.2 [degree centigrade].

And, it can be confirmed that the temperature has reached
an equilibrium state from Figure 14. The temperature
of the coil does not exceed 140 [degree centigrade] which
is an allowable temperature, even if the rated current of
100 [A] is applied for 1 hour. Therefore, it can be con-
firmed that the coil can resist a heat sufficiently, even if
the rated continuous operation is carried out.
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Fig. 13 Temperature distribution
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Fig. 14 Temperature rise for 30kW rated operation

5. CONCLUSION

It was confirmed that static torque calculated in mag-
netic field analysis and temperature rise calculated in
heat transfer analysis agreed with the experimental re-
sults well. Therefore, it was confirmed that magnetic
field analysis and heat transfer analysis using FEM could
be utilized for the design of SRM.

The SRM for EV, of which output characteristics equal
to output characteristics of GV of the 1500cc class, was
designed. And, the heat transfer analysis was carried
out for the continuous rating operation. It was confirmed
that the temperature of coil does not exceed 140 [de-
gree centigrade] which is an allowable temperature of
the coil.
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