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This paper presents novel criteria for the reluctance torque utility of permanent magnet (PM) motors. The criteria can
be quantified by the PM flux linkage Ψp of stator phase windings, and current I, as well as the direct- and quadrature-
axis inductance Ld and Lq, respectively. Through both theoretical formulae and experiments, it is proved that a motor
with large Ψp can utilize little reluctance torque even if the salient-pole ratio Lq/Ld is over 2.0. In such a case, the large
salient-pole ratio only leads to an increase in iron loss, and hence a decrease in motor efficiency. The proposed criteria
help one to understand the properties inherent in each motor, and also indicate that, in the above case, selecting the
rotor geometry with less saliency can improve the efficiency. Results are given for two kinds of PM motors; one is a
4-pole Nd-Fe-B magnet motor with PN = 0.6 kW, nN = 3600 min−1, Y-connection; the other is a 6-pole ferrite-magnet
motor with PN = 0.2 kW, nN = 1080 min−1, Y-connection.
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1. Introduction

The use of high-efficiency permanent magnet (PM) mo-
tors in a vast range of applications, such as home appliances
and automobiles, has been on the rise, owing to the recent
drive towards energy conservation to prevent global warm-
ing. An Interior Permanent Magnet (IPM) structure with an
embedded permanent magnet in the rotor core is a widely
used form of PM motor. In the IPM structure, the ratio of the
direct inductance Ld to the quadrature inductance Lq, or what
is known as the salient-pole ratio, is large, and hence it is
thought that the reluctance torque may be utilized in addition
to magnet torque. In the present situation, where it is desir-
able to reduce the amount of magnet used, a rotor structure
that is capable of effectively utilizing the reluctance torque
has been studied from various aspects (1)–(14).

However, there have been reports which claim that reluc-
tance torque could not be utilized even with the use of the
IPM structure, that is, even by increasing the salient pole ra-
tio, depending on the application, the output, and the physical
structure of the motor (15). This is because the magnitude of
the reluctance torque depends not only on the magnitude of
the current but also on its relationship with the magnet torque.
In other words, assuming that there is a motor whose magnet
torque is 100 times larger than the reluctance torque, the mag-
nitude of the reluctance torque remains insignificant, regard-
less of the increase in the salient-pole ratio. In fact, in such a
motor, increasing the salient-pole ratio increases the amount
of magnetic flux generated by the q-axis current (referred to
as q-axis current flux hereafter), only leading to reactions
such as an increase in iron loss and a consequent decrease
in efficiency. Although some useful measures to counter this

∗ Research & Development Group, Hitachi, Ltd.
7-1-1, Omika-cho, Hitachi, Ibaraki 319-1292, Japan

problem have been reported in the past (15) (16), the authors have
not come across any material that discusses the quantitative
criteria for reluctance torque utility. In the present-day mo-
tor design, shape optimization is often carried out using finite
element magnetic field analysis (FEA) based on a certain ini-
tial shape. Where reluctance torque can be utilized, we may
focus on the shape that maximizes it, but in other cases, even
the optimization of increasing the salient-pole ratio results
only in endless calculation time, and it is not possible to ob-
tain a design solution.

To resolve this problem, we have constructed in this pa-
per, a criterion for reluctance torque utility. Based on this
criterion, it is possible to have a quantitative understanding
of the impact of the physical structure, the output, the dif-
ference in magnetic characteristics, etc., of the motor on the
torque composition, and we believe that optimum motor de-
sign guidelines can be set for each application at the initial
stages of design. We also present a method for improving ef-
ficiency in cases where utilization of reluctance torque is dif-
ficult. Specifically, by decreasing the salient-pole ratio and
reducing the q-axis current flux, it is shown that iron loss can
be reduced, and efficiency can be improved. The results of
the improved design using a neodymium magnet motor and
a ferrite magnet motor as well as actual machine verification
are then summarized.

2. Theoretical Formula

The generated torque Me of the PM motor is generally ex-
pressed by the following equation.

Me =
3
2
· p · {Ψp · Iq + (Lq − Ld) · (−Id) · Iq} · · · · · · (1)

Here, p: the number of pole pairs, Ψp: flux linkage for one
phase of the stator coil by the permanent magnet, Id, Iq: dq
axis current, Ld, Lq: dq axis inductance. Id, Iq and Ψp are
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peak values and dq axis coordinate transformation was done
using relative transformation.

All the physical quantities shown in the Equation (1) can
be determined by analysis or by actual measurement. For
example, Ψp can be obtained by operating the rotor exter-
nally, keeping the terminals of the U, V , W phases of the
motor open and measuring the phase voltage peak value E0

or the line voltage peak value
√

3E0 at that time. In practical
terms, it can be calculated by obtaining the angular frequency
ω when the rotor is externally driven at the rotation speed N
from Equation (2) and substituting it into Equation (3).

ω = 2π · N
60
· p · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (2)

Ψp =
E0

ω
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (3)

Now, Id, Iq, Ld, Lq can be calculated from the voltage vec-
tor diagram during motor operation as shown in Fig. 1. If
the peak phase of Ψp is defined as the d axis, the back EMF
E0, which is the time derivative of Ψp, occurs on the q axis
where the phase advances by 90◦. In Fig. 1, R is the phase
resistance, ϕ is the power factor angle (the phase difference
between the current vector I and the voltage vector U), β is
the current phase angle, and δ is the voltage load angle.

The first term in Equation (1) represents the magnet torque,
and the second term represents the reluctance torque. As is
apparent from this equation, the reluctance torque is propor-
tional to Lq − Ld. Therefore, the salient-pole ratio Lq/Ld or
Lq−Ld has been conventionally used as an index representing
the magnitude of the reluctance torque. However, the extent
to which the reluctance torque contributes to the generated
torque Me is determined by its relationship with the magnet
torque. Hence, in addition to the conventional salient-pole ra-
tio, it is necessary to introduce a new physical quantity which
can take into account the relative relationship with the mag-
net torque in the criterion.

Here, as shown in Fig. 2, the magnet torque is theoretically
the maximum when the current phase angle β = 0◦, i.e., when
Iq = I, and this maximum value Mp,max is expressed by the
following equation using Equation (1).

Mp,max =
3
2
· p ·Ψp · I · · · · · · · · · · · · · · · · · · · · · · · · · · · (4)

The reluctance torque, on the other hand, theoretically be-
comes the maximum when β = 45◦, and its maximum value
Mr,max can be expressed by the following equation, again
from Equation (1).

Mr,max =
3
2
· p · (Lq − Ld) ·

(
I√
2

)2

· · · · · · · · · · · · · · · · (5)

The ratio of expressions (4) and (5) is nothing but an in-
dex representing the magnitude of the reluctance torque, and
hence if this ratio is defined as the reluctance torque ratio α,
it can be expressed by the following equation.

α =
Mr,max

Mp,max
=

Lq − Ld

Ψp
· I

2
· · · · · · · · · · · · · · · · · · · · · · · (6)

α = 0.1 means that the maximum value of the reluctance
torque is 10% with respect to the maximum value of the mag-
net torque.

Fig. 1. Vector diagram in motor operation

Fig. 2. Characteristics of magnet torque and reluctance
torque versus current phase angle

As can be seen from Equation (6), the factorsΨp and I have
been newly introduced as indexes representing the magnitude
of the reluctance torque, in addition to the conventional Ld

and Lq. Interestingly, Ψp, Ld and Lq are fixed constants for
each motor, and we need to determine only I to calculate α.
In other words, the magnitude of the reluctance torque can be
quantified.

In addition, Equation (6) is consistent with 2 convention-
ally known facts. The first is the fact that magnet torque be-
comes dominant when the magnetic flux of the magnet is suf-
ficiently larger than Lq − Ld, indicating that there are motors
that cannot utilize the reluctance torque in spite of increasing
the salient pole ratio or the current. The second is the fact that
the reluctance torque ratio α increases as the magnetic flux
decreases and approaches the synchronous reluctance motor
(SynRM).

In actual operation, owing to the influence of the magnetic
saturation due to the application of current, Ψp is different
from the numerical value obtained in Equation (3) (17). In this
paper, we use Equation (3), laying emphasis on deriving α
easily as a criterion at the time of design. For Ld and Lq,
we use the numerical value obtained in the energized state
when the current phase angle β = 45◦ and when the reluc-
tance torque becomes maximum. The magnitude of the cur-
rent I is arbitrary, depending on the design point that is being
considered. For example, when maximum torque is the fo-
cus of the design, maximum current is used, and when rated
efficiency is important, rated current is used.

Based on the characteristics shown in Fig. 2, the torque Me

can be expressed by the following equation as a function of
Mp,max, α and β.

Mp = Mp,max · cos β · · · · · · · · · · · · · · · · · · · · · · · · · · · · (7)

Mr = α · Mp,max · sin 2β · · · · · · · · · · · · · · · · · · · · · · · · · (8)

Me = Mp + Mr = Mp,max · cos β · (1 + 2α · sin β)

· · · · · · · · · · · · · · · · · · · · (9)
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When dMe/dβ = 0 in Equation (9), the torque Me becomes
maximum. If β at this time is denoted by β1, the maximum
torque Me,max can be expressed by the following equations.

Me,max = Mp,max · cos β1 · (1 + 2α · sin β1) · · · · · · · (10)

sin β1 =
−1 +

√
1 + 32α2

8α
· · · · · · · · · · · · · · · · · · · · · · (11)

cos β1 =

√
1 − sin2 β1 · · · · · · · · · · · · · · · · · · · · · · · · · (12)

For example, when α = 0.1, Equation (10) becomes
Me,max = 1.02Mp,max, and the torque improvement effect due
to reluctance torque can be quantified as 2%.

Thus, Me,max/Mp,max, obtained by modifying Equation (10)
itself, represents the torque improvement effect and can be
uniquely derived by assigning the reluctance torque ratio α.
Figure 3 shows the change in Me,max/Mp,max when α is as-
signed values between 0 and 0.6. From Fig. 3, it can be seen
that Me,max/Mp,max increases linearly in the region of α > 0.3,
whereas in the region of α < 0.3, it is not affected much by
the change in α, and moreover, it is found to be limited to a
maximum of about 1.13 pu. In other words, it is difficult to
obtain the torque improving effect in the range of α < 0.3,
even by increasing the reluctance torque ratio α. Further-
more, reactions such as an increase in Lq leading to an in-
crease in iron loss and a consequent decrease in efficiency
are significant, as will be described later.

In the foregoing section, we have derived the criteria for
reluctance torque utility. In Section 3, we shall describe the
comparison with the conventional index using the salient-
pole ratio, and application examples of the proposed criteria

Fig. 3. Relationship between reluctance torque ratio α
and torque improvement effect due to reluctance torque
Me,max/Mp,max

Table 1. Specifications for four types of IPM motors

will be described in Sections 4 and 5.

3. Comparison of Conventional Criteria and the
Proposed Criteria

Conventionally, the salient-pole ratio Lq/Ld has been used
as an index representing the magnitude of the reluctance
torque (4)–(6). However, when comparing motors with different
applications, output, and physical structures, conventional in-
dexes often do not work. In the following sections, besides
showing concrete examples to prove this point, we also show
that the reluctance torque ratio α, derived in Section 2, can be
applied across all applications.

Table 1 shows four different types of IPM motors. No.1
is the compressor motor described in Section 4, No.2 is the
compressor motor reported in Reference (4) and No.3 and
No.4 are the starter generator (SG) and the main motor for
the hybrid vehicle (HEV) reported in References (5) and (6)
respectively.

Figure 4 shows the relationship between the salient-pole
ratio which is a conventional index and the reluctance torque
ratio α proposed in this paper. From the Figure, it is evident
that there is no correlation between them. As a specific ex-
ample, No.1 has the largest salient-pole ratio in Table 1, but
α is as small as 0.2, indicating that the salient-pole ratio does
not function as an index.

We therefore modified Equation (6) as follows, in order to
be able to compare motors with different applications, out-
put, and structures in the same dimension. In the following
equation, both I and Ψp are peak values.

I√
2
= α ·

√
2Ψp

Lq − Ld
. · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (13)

Figure 5 shows the results of plotting the values for motor
Nos. 1 to 4 based on Equation (13). Since the left-hand side
of Equation (13) is the effective value of the current, this is
plotted on the vertical axis of Fig. 5. The term constituted by
the motor constants Ψp, Ld and Lq is taken as the variable on
the horizontal axis, and α is the slope of the linear function.
The following conclusions can be made from Fig. 5.
• In the compressor motor,

√
2Ψp/(Lq − Ld) represented

by the horizontal axis of Fig. 5 is smaller than that of the
HEV motor, but the current ratio on the vertical axis is even
smaller. Specifically, the comparison of #1 with #3 shows
that the horizontal axis scale ratio is about 1/10, while the ver-
tical axis scale ratio is about 1/30. Hence α becomes smaller
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Fig. 4. Relationship between salient-pole ratio and re-
luctance torque ratio α (#1-4 correspond to those in Ta-
ble 1)

Fig. 5. Correlation of four different types of motors (#1-
4 correspond to those in Table 1)

for #1. When α is small as 0.2, it remains at 0.4 even if Lq−Ld

is doubled and the maximum torque increase at this time is
only 14% (see Fig. 3). That is, the torque increasing effect is
remarkably small with respect to the amount of increase of
Lq − Ld .
• In contrast, in the case of the HEV motor, α tends to in-

crease since the current is large and Lq − Ld is small. When α
is as large as 0.6, increasing Lq − Ld by 33% causes α also to
increase by 33% to 0.8, and the increase in maximum torque
at this time is 13% (see Fig. 3). We may therefore conclude
that increasing Lq − Ld tends to contribute to torque increase
and improvement of efficiency.

The discussion above shows that the reluctance torque ratio
α of the proposed criteria and Equation (13) can be applied
to motors with different applications and outputs.

Incidentally, as the design freedom and required torque are
different for each of the motors tested, it is not possible to
definitively discuss the appropriateness of increasing Lq−Ld.
However, what is noteworthy is the fact that the introduction
of the proposed criterion α makes possible the quantitative
evaluation mentioned earlier. Up until now, there was no cri-
teria to judge reluctance torque utility when optimizing the
initial shape, and hence, there was no option but to retro-
spectively interpret the results obtained with FEA. Further,
as utilizing reluctance torque was difficult, the only thing to
do was to make retrospective judgement from the result of

shape optimization. On the contrary, the ratio α proposed in
this paper is itself indicative of the magnitude of the reluc-
tance torque and also has the useful functionality of being
a criterion for reluctance torque utility in the stage prior to
shape optimization with FEA. This will be particularly help-
ful in quickly drawing up design guidelines that do not rely
on reluctance torque when α is small. Through examples of
application in real machines in Section 4 and subsequent sec-
tions, we shall show that when α is small, iron loss can be
reduced and efficiency improved by decreasing the salient-
pole ratio and the q-axis current flux.

4. Application Example for Neodymium Magnet
Motor

4.1 The Tested Motor Based on the shape shown in
Fig. 6(a), we shall attempt to improve the efficiency of the
neodymium magnet motor by applying the proposed crite-
rion. The motor is driven by a 3-phase inverter. The speci-
fications are shown in Table 2. The unit notation is used in
the discussion that follows, and the reference values of volt-
age, current, fundamental wave frequency and rated torque
are taken to be

√
2 ·UN =

√
2 · 57.7 V,

√
2 · IN =

√
2 · 3.5 A,

fN = 120 Hz, and MN = 1.6 Nm, respectively.
4.2 Analysis result Table 3 shows the motor con-

stants and reluctance torque ratio α. Ψ of the lowermost stage
represents the stator flux linkage, which can be calculated as
shown below using the motor constants in the table.

Ψ =

√
(Ψp − Ld · I · sin β1)2 + (Lq · I · cos β1)2

· · · · · · · · · · · · · · · · · · · (14)

In model A, one pole is constituted by a permanent magnet
arranged in a V shape so that Lq becomes large. Although
the salient pole ratio Lq/Ld is as large as 2.33, α being 0.20,
the torque improvement effect due to reluctance torque is as
small as 7% (see Fig. 3). From Equation (11), the current
phase angle β1 that generates the maximum torque can be
calculated as 18.3◦, which is far from the current phase angle
of 45◦, at which the reluctance torque becomes maximum.

Therefore, as shown in model B of Fig. 6(b), one pole was
made of a flat plate type permanent magnet so that Lq would
be smaller than that of model A. The stator shape was the
same for both models A and B. As can be seen in Table 3,
Lq/Ld is 1.66, and α is 0.08 in model B, and the torque im-
provement effect due to reluctance torque disappears, but we
believed that this reduction in torque could be offset by re-
ducing the leakage magnetic flux at the ends of the magnet.
We also thought that iron loss could be reduced by reducing
the q-axis current flux.

Figure 7 shows the loss analysis results under rated condi-
tions (fundamental frequency f = 1.0 pu, load torque ML =

1.0 pu). In model B, iron loss and magnet eddy current loss
are both reduced, and the total of the two is 26% smaller than
that of model A.

The surface areas of the magnets of models A and B are
almost similar, but ribs are arranged in the central portion of
the pole in model A, in order to improve the strength. Since
ribs are not needed in model B, leakage magnetic flux has
decreased, and Ψp increased by 5% as a result. As reluctance
torque can be compensated by these measures, copper loss
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(a) Model A (b) Model B

Fig. 6. Cross section of Nd-Fe-B magnet motors

Table 2. Specifications of Nd-Fe-B magnet motors

Table 3. Analysis results of Nd-Fe-B magnet motors

Fig. 7. FEA results of loss ( f = 1.0 pu, ML = 1.0 pu)

may be expected to remain unchanged.
From Table 3, it is seen that there is not much difference

in the stator flux linkage Ψ of the two models, and the mag-
netic flux density level may also be considered to be almost
equal. However, these alone cannot explain the reduction in
iron loss of model B. We therefore took a closer look at the
time variation of the magnetic saturation and the magnetic
flux density in the stator, and finally concluded that the main
factor of the iron loss reduction in the model B is the reduc-
tion of the time harmonic component of the magnetic flux
density within the motor due to the reduction of Lq. This
mechanism is described in detail below.

Figure 8 is a schematic representation of the magnetic flux
density distribution in the machine when q-axis current is ap-
plied (18). The superposition of the magnetic flux of the per-
manent magnet and the q-axis current flux causes remarkable
magnetic saturation of the portions represented by the regions

Fig. 8. Schematic of magnetic saturation during Iq op-
eration (solid line: permanent magnet flux, dashed line:
flux due to Iq)

(a) Model A (b) Model B

Fig. 9. FEA results of flux density distribution ( f =
1.0 pu, ML = 1.0 pu)

1 and 2. With the increase in q-axis current flux, the magnetic
flux density levels of the regions 1’ and 2’ increase. The re-
sults of visualizing this phenomenon for models A and B are
shown in Fig. 9. The portions 1, 1’, 2a∼2c and 2’ correspond
to the areas 1, 1’, 2 and 2’ of Fig. 8. From Fig. 9, we observe
that the magnetic flux densities of 1’ and 2’ in model B are re-
spectively reduced to 86% and 34% with respect to model A.
The other parts (1, 2a to 2c) are almost similar. Since the su-
perimposed region of the q-axis current flux is thus reduced,
the spatial distribution of the magnetic flux density in the cir-
cumferential direction of the stator approaches the sinusoidal
wave, the time variation at any point on the stator also be-
comes sinusoidal, leading to a reduction in iron loss. As a
specific example, the time variation of magnetic flux density
of the tooth 2c and Fourier series analysis results are shown
in Fig. 10. The fundamental wave component is not very dif-
ferent in both models, but the magnetic flux density of model
B is low on the whole, and the difference in the 5th, 7th and
9th order components is found to be particularly significant.

The discussion above shows that, even if the magnitudes
of the stator linkage flux Ψ are nearly the same in both mod-
els, the iron loss varies depending on the superimposed state
of the magnetic flux within the motor and that, in model B,
the magnetic flux superimposed region is reduced due to the
reduction of Lq, leading to the time harmonic component of
the magnetic flux density getting lowered and a reduction in
iron loss.
4.3 Measurement Results The measurement results

of the line-to-line back EMF waveform during no-load
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Fig. 10. FEA results of flux density variation at stator
teeth in radial direction ( f = 1.0 pu, ML = 1.0 pu)

(a) Back EMF (line to line， f = 1.0 pu)

(b) No-load iron loss

Fig. 11. Measured results at no-load external drive

external driving and the no-load iron loss are shown in
Fig. 11. Although the back EMF waveforms are slightly dif-
ferent in models A and B, the no-load iron loss is almost the
same. It may therefore be concluded that the difference in
waveform is unlikely to cause an increase in loss during the
operation of the motor.

Figure 12 shows the measurement results at the time of op-
erating the motor. The load torque ML was 1.0 pu, and the
rotation speed was varied between 0.7 and 1.3 pu. The cur-
rent value was about 1.0 pu in both models. The efficiency of
the motor was standardized by taking the efficiency of model
A at the rotational speed of 1.0 pu as 100%.

Fig. 12. Measured results at load tests (ML = 1.0 pu;
motor efficiency is normalized setting the rated-rotation
efficiency at 100%)

From Fig. 12, it is seen that iron loss and stray loss in model
B are reduced by 25% with respect to model A. This is in
good agreement with the trend of the analysis result shown
in Fig. 7 and validates the fact that by decreasing Lq, the q-
axis current flux is reduced, leading to reduction in iron loss.
Since there was no significant difference in copper loss, mo-
tor efficiency in model B improved by 0.7%.

The discussion above shows that, when the reluctance
torque ratio α is about 0.20, as in model A, while the torque
improving effect is small, reactions such as increase in iron
loss and decrease in efficiency commonly occur, and also that
with a structure like model B with reduced Lq, efficiency can
be improved without increasing the amount of magnet used.

5. Application Example for Ferrite Magnet Mo-
tor

5.1 The Tested Motor The residual magnetic flux
density of the ferrite magnet is small, only about 1/3 of the
neodymium magnet. In addition, by virtue of its production
process, the magnet generally has an arc shape and when
made into an IPM structure, it becomes a rotor shape with
a large salient-pole ratio, as shown in Fig. 13(a). Therefore,
in the ferrite magnet motor, the ratio of the magnet torque is
smaller than the neodymium magnet motor, and the ratio of
the reluctance torque tends to be large.

Based on the shape shown in Fig. 13(a), we shall attempt to
improve the efficiency of the ferrite magnet motor. Although
from the qualitative nature of the magnet described above,
the principle of actively utilizing the reluctance torque would
seem appropriate, it will be shown that in this case also, the
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(a) Model X (b) Model Y

Fig. 13. Cross section of ferrite-magnet motors

Table 4. Specifications of ferrite-magnet motors

Table 5. Analysis results of ferrite-magnet motors

judgment criterion derived in Section 2 is essential. The ma-
chine is driven by a 3-phase inverter. The specifications are
given in Table 4. The unit notation is used in the discussion
that follows, and the reference values of voltage, current, fun-
damental wave frequency and rated torque are taken to be√

2 ·UN =
√

2 · 37.7 V,
√

2 · IN =
√

2 · 20 A, fN = 54 Hz, and
MN = 2 Nm, respectively.
5.2 Analysis Result Table 5 shows the motor con-

stants and reluctance torque ratio α. In model X, the salient-
pole ratio Lq/Ld is as large as 3.29, but α is 0.30, and the
torque improvement effect due to reluctance torque is as
small as 13% (see Fig. 3). Hence, it seemed a good idea to
apply the principle of increasing the magnet torque without
utilizing the reluctance torque. In practical terms, we tried
to increase the magnetic flux of the permanent magnet by
overhanging the rotor while also reducing Lq as well as ef-
fecting iron loss by cutting the rotor core section on the q
axis and adding a slit, as shown in Fig. 13(b). This shape
is called model Y. Figure 14 shows the relationship between
the overhang length on one side and the back EMF. Since the
back EMF tends to get saturated even when the overhang is
over 10 mm, in the model Y, it was increased by 16% with a
10 mm overhang on one side. In addition, on account of the
shape optimization including Lq reduction mentioned above,

Fig. 14. Overhang length versus ratio of back EMF

Fig. 15. FEA analysis results of loss ( f = 1.0 pu, ML =
1.0 pu)

Lq/Ld became 1.54 and αbecame 0.04. The magnetic flux
Ψp increased by 25% in the model Y, as shown in Table 5.
Therefore, it was estimated that a current reduction of about
10% could be achieved by covering the decrease in reluctance
torque with the magnet torque. Since the copper loss varies
with the square of the current, it may be expected to reduce
by about 20%.

Figure 15 shows the loss analysis results under rated con-
ditions (fundamental frequency f = 1.0 pu, load torque ML =

1.0 pu). Since eddy current loss generated in ferrite magnets
can be ignored, the breakdown of copper loss and iron loss
has been shown. The copper loss in model Y is reduced and
is 16% less than that of model X. The results agree well with
the prediction made above. However, the iron loss is nearly
the same in both models. In order to further reduce the loss,
loss analysis was performed on model Y+ with electromag-
netic steel plate 35 A 210 and the iron loss was found to be
24% less than that of model X.

Despite the 25% increase in magnet flux amount Ψp (see
Table 5), iron loss in model Y is suppressed to the same level
as in model X. The reason for this can be attributed to the
fact that the increase in magnetic flux density within the mo-
tor can be avoided by reducing Lq. Figure 16 shows the time
variation of magnetic flux density and the results of Fourier
series analysis of the teeth part. According to the Figure, the
magnetic flux densities of the models X and Y are almost
equal for both the fundamental wave component and the har-
monic wave component. It is also seen from Fig. 16 that the
5th, 7th and 9th harmonic components are negligible, as shown
in Section 4, and this is because the peak value of the mag-
netic flux density is as low as 1.5 T. As described in Section
4, when the magnetic flux density is high, the superimposing
region of the q-axis current flux increases with increase in Lq,
which is believed to be the reason for the significant increase
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Fig. 16. FEA results of flux density variation at stator
teeth in radial direction ( f = 1.0 pu, ML = 1.0 pu)

Fig. 17. Measured results at load tests (motor efficiency
is normalized setting the rated-rotation efficiency of a Nd-
Fe-B magnet motor at 100%)

in the harmonic component of model X.
The discussion above shows that it is possible to suppress

the superimposition of the q-axis current flux in model Y by
reducing Lq while increasing the magnet flux amount Ψp and
that increase of iron loss can be suppressed.
5.3 Measurement Result Figure 17 shows the mea-

sured results during motor operation. The machines tested
were model X and model Y+. Measurements were made un-
der 2 types of conditions: fundamental frequency f = 1.0 pu,
load torque ML = 1.0 pu, and, f = 1.5 pu, ML = 0.85 pu. The
motor efficiency was standardized by taking the rated effi-
ciency of the neodymium magnet motor with the same output
as 100%.

From Fig. 17, it is seen that copper loss is reduced by15
to 19% in model Y+ and the current reduction effect due to
rotor overhang and shape optimization is also evident. Iron

loss has been reduced by 25% and the results also confirm
effective suppression of iron loss increase through Lq reduc-
tion and effective loss reduction through changing the steel
sheet material. The overall result is that the motor efficiency
of model Y+ is better than that of model X by 1.5% and that
it is almost equal to the target efficiency of the neodymium
magnet motor under any operating condition.

These results show that, by using the reluctance torque ra-
tio α proposed in this paper, it is possible to make a quick
judgement of reluctance torque utility even for a motor whose
salient-pole ratio is large depending on the shape of the fer-
rite magnet, as in model X. The possibility of deriving a new
motor structure like model Y which, while being character-
ized by Lq reduction, also has improved efficiency has also
been shown.

6. Conclusion

The following conclusions have been drawn in this paper.
• The reluctance torque ratio α was derived as a criterion

for reluctance torque utility. While the conventional salient
pole ratio is not very helpful in clearly judging the utility, it
has been shown that the ratioα, derived in this paper, can be
used to make such judgments across various types of motors
with different applications and outputs.
• In specific terms, the torque improving effect due to re-

luctance torque is small in the region where α < 0.3, but re-
actions such as increase in iron loss and decrease in efficiency
due to superimposition of the q-axis current flux in the stator
occur commonly. The results of application in neodymium
magnet motor and ferrite magnet motor showed that the de-
rived criterion is suitable and also that improved efficiency
can be achieved by adopting a structure with reduced Lq.
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