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Doubly Salient Permanent-Magnet Machine With Skewed Rotor
and Six-State Commutating Mode
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We propose new concepts for the design, optimization, and control of a doubly salient permanent-magnet machine (DSPM). We employ
a uniform pole width so that the width of the rotor pole is the same as that of the stator salient pole. This design aims to minimize the
cogging torque. Second, we used a skewed rotor with one-half the pole width to improve the commutation. Finally, based on the flux
linkage of the skewed rotor, we used a six-state commutating mode to control the motor. We validated the feasibility of these new design
concepts by simulations, field analysis, and experimental measurements of the prototype.

Index Terms—Cogging torque, commutating mode, doubly salient permanent-magnet machine (DSPM), pole width, skewed rotor.

1. INTRODUCTION

HE DOUBLY SALIENT permanent-magnet machine
(DSPM), a new kind of inverter-fed electrical traction
motor first proposed in the early 1990s [1], is becoming more
and more attractive because of its distinct features, such as
high efficiency, high power density, and simple structure. Much
progress has been made on the design of DSPM. For example,
Liao discussed the basic principle of DSPM in 1992, 1993,
and 1995, respectively [1]-[3]. Cheng and Chau studied the
steady-state characteristics and performance of DSPM using
nonlinear varying-network magnetic circuit analysis [4]-[8].
DSPM resembles the structure of a switched reluctance ma-
chine (SRM) except that permanent magnets are inserted in the
stator. Therefore, some common techniques used in SRM are
also adopted in the design and control of DSPM. For example,
wider rotor pole arc, advanced shut-off angle control, and lagged
firing angle control can all be used in the design and control of
DSPM. However, due to the existence of permanent magnets in
the stator, the behavior of DSPM is different from that of SRM.
Therefore, new design and control concepts need to be explored
to optimize the performance of DSPM. In this paper, a novel
DSPM with skewed-rotor and six-state commutating mode is
investigated. Finite-element analysis (FEA), simulations, and
experimental data of the prototype verified the validity of the
design concepts.

II. SKEWED-ROTOR DESIGN

Fig. 1 shows the typical geometry of a DSPM with 6/4
pole pair, where AX, BY, CZ and A’X’, B’Y’, C’Z’ are the
three-phase windings. It resembles the structure of a SRM,
except that permanent magnets are inserted in the stator. The
three-phase flux linkages are shown in Fig. 2. Because of
the existence of permanent magnets in the stator, PM flux
plays a major role in the winding flux linkage. Therefore,
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Fig. 1. Typical DSPM geometry with 6/4 pole pair.
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Fig. 2. Flux linkage (dashed lines) and commutating mode (solid lines).

dual-polarity control can be employed, as shown in Fig. 2,
to improve its power density.

In the design practices of SRM, in order to ensure the
winding commutation and self-start capability at any rotor
position and either rotating direction, there should be a small
overlap between the adjacent stator and rotor salient poles
when the axes of the stator pole is aligned with that of the
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Fig. 3. Cogging torque with different rotor pole width (unskewed rotor).

rotor pole. Therefore, the width of the rotor pole is usually
larger than that of the stator. This technology is also used
in DSPM [4] because of the structure similarity. But due to
the existence of permanent magnets in the stator, cogging
torque exists in DSPM. According to the flux-MMF diagram
of PM machines, cogging torque will reach its minimum if
the resultant gap reluctance is uniform at any rotor position
[9]. Therefore, for a 6/4 pole-paired DSPM, if the width of
rotor pole equals that of the stator and their width is one-half
the pitch, then the cogging torque will reach its minimal
value; if the rotor pole width is larger than the stator pole
width, the cogging torque will increase significantly because
the gap reluctance will not be uniform as the rotor position
varies. Cogging torque is one of the most important issues
of DSPM. The cogging torque obtained from FEA is shown
in Fig. 3 for the larger rotor pole width of 36° and the
uniform width of 30°. The cogging torque was calculated
using 2-D FEA. It can be seen from Fig. 3 that the cogging
torque is significantly less for the smaller rotor pole width. It
can also be seen that the cogging torque has different peaks.
This is caused by the different linkage flux from the two
permanent magnets. When the rotor poles are aligned with
the stator poles that are adjacent to the magnets, there is
less flux leakage. Therefore, there is more cogging torque.
When the rotor poles are aligned with the stator poles that
are in the middle of the two magnets, more flux leakage is
seen. Therefore, there is less cogging torque.

In order to minimize the cogging torque of DSPM, the width
of rotor pole is designed to be the same as that of the stator, and
both equal to one-half the pole pitch

ey

For a 6/4 pole-paired DSPM, it is 30° mechanical degrees.
Second, a skewed rotor is used to ensure the capability of self-
starting at any rotor position and either rotating direction. From
the flux linkage curve, the skewed rotor can also lead to overlap
between the adjacent of stator and rotor salient poles, which
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Fig. 4. Flux linkage (dashed lines) and commutating mode (solid lines)
of skewed rotor DSPM.
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Fig. 5. Steady-state waveforms without advanced turn-off angle. (a) Three-
phase current waveforms. (b) Output torque waveform.
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provides the same effect as that of the larger rotor pole width
used in SRM. In order to obtain the largest output capability,
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Fig. 6. Steady-state performance of DSPM with unskewed rotor. (a) Three-
phase current waveforms. (b) Output torque waveforms.

the skew-angle is chosen to be one-half the stator salient pole
width

0, T

eskew - 5 — 2—]\[5 (2)
For a 6/4 pole-paired DSPM, the skew-angle is 15°.

The flux linkage of the skewed rotor DSPM is shown in Fig. 4.

It can be seen that the flux linkages of the skewed rotor DSPM

are different from that of the unskewed rotor DSPM as shown

in Fig. 2, i.e., the coverage of flux linkage is increased from

120° to 150°. As a result, the six-state commutating mode was

employed.

III. S1X-STATE COMMUTATING MODE

In the control of conventional DSPM, three-state commu-
tating mode was used, that is: +A-C, —A+B, and —B+C, re-
spectively, as shown in Fig. 2. This simple commutating mode
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Fig. 7. Steady-state performance of DSPM with skewed rotor. (a) Three-phase
current waveform. (b) Output torque waveforms.
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generally results in poor performance of the DSPM. It can be
seen that the current commutating from positive to negative is
in sequence. But in practice, because of the current continuity,
the turn-off angle of the positive current should be advanced, or
the freewheeling current will create a reverse torque. This will
cause the control complication and decrease of output ability.
According to the same commutating principle as conven-
tional DSPM motor, i.e., positive current conducts at the rising
slope of flux linkage, while negative current conducts at the
falling slope, a new commutating mode for the novel skewed
rotor DSPM can be developed as shown in Fig. 4 in a solid
line. It is a six-state commutating mode. The conducting se-
quences are +A-B,+A-C,+B-C,+B-A,+C-A, and +C-B,
respectively. Each state will be conducted for 60° electrical
degrees continuously, and there is a 60° interval between the
positive and negative current commutation. This commutating
mode makes it possible to neglect the control of turn-off angle;
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Fig. 8. Simulated starting performance of DSPM with skewed rotor.

(a) Starting current waveform. (b) Starting speed waveform.

IV. SIMULATION

In order to confirm the proposed design, the performance of
the proposed DSPM is simulated. The mathematic model of

DSPM can be expressed as follows:

3

)

w W

k

Fig. 9. Photo of the prototype rotors. Top: unskewed rotor. Bottom: skewed

rotor.

therefore, commutating performance can be improved and the

reliability enhanced.
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Fig. 11. Flux waveforms of the two rotor designs.

where [u] = [uaupuc]? is the stator voltage matrix,
[i] = [iaigic]T is the stator current matrix, [¥] =
[U 4 U p1pc]T is the flux linkage matrix of the stator winding,
[R] = diag(Ra, Rp, R¢) is the stator resistance matrix, [Upy]
is flux linkage matrix of the permanent magnets, and [L] is the
stator winding inductance matrix. The PM flux and the stator
winding inductance are obtained from FEA.

The simulated steady-state performances of unskewed rotor
under three-state commutating mode are shown in Figs. 5 and
6, without and with advanced turn-off angle control, respec-
tively. It can be seen from Figs. 5 and 6 that, without advanced
switch-off angle control, the freewheeling current will cause
asymmetrical current, which will lead to a reverse torque, fluc-
tuant and small output torque, as shown in Fig. 5. By advancing
the shut-off angle, or when the positive conducting time was
shortened from 120° to 108°, the performance was improved.
But the output toque ripple is still notable, and the torque also
crosses over time-axis as shown in Fig. 6. Therefore, the motor
cannot self-start.

The simulated steady-state performance of the skewed rotor
with the six-state commutating mode is shown in Fig. 7. Com-
pared with those shown in Fig. 6, the magnitudes of positive
and negative current are more symmetrical. The output toque
was increased and the torque ripple was significantly decreased.
Self-start capability can be easily achieved as shown in Fig. 8.

Six-state commutating mode has been widely used in brush-
less DC motor (BLDC) control [10], but it was rarely discussed
in the control of DSPM.

V. PROTOTYPE AND EXPERIMENTATION

In order to validate the proposed methods, two prototypes
were designed and built: one with unskewed rotor, the other with
skewed rotor as shown in Fig. 9.

The flux distributions at three different rotor positions are
shown in Fig. 10. The winding flux linkages and back electro-
motive force (EMF) with unskewed and skewed rotor are shown
in Figs. 11 and 12, respectively.

The cogging torque of the DSPM with skewed rotor was cal-
culated using 2-D FEA by dividing the FEM model into ten
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Fig. 13. Comparison of cogging torque of skewed and unskewed rotor
configurations.
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Fig. 14. Measured EMF waveform of the motor with unskewed rotor.

slices along the axial direction, and each slice is analyzed sep-
arately. The total cogging torque is the average value of all ten
slices. The simulated cogging torque of the two configurations
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Fig. 15. Measured EMF waveforms of the motor with skewed rotor. Top curve:
phase A EMF; bottom waveform, phase B EMF.

Fig. 16. Measured steady-state current waveform.

is shown in Fig. 13. It can be seen from Fig. 13 that skewing the
rotor slots not only enables the self-starting capability in either
direction, but also reduces the cogging torque.

A hardware control system based on ADMCF34X was devel-
oped. The measured back-EMF waveforms of the prototypes are
shown in Figs. 14 and 15. The measured back-EMF coincides
with the FEA results. The measured steady-state current wave-
form is shown in Fig. 16. The starting performance is shown in
Fig. 17, which illustrated its self-starting capability. The experi-
ment results are consistent with the simulation and FEA results.

VI. CONCLUSION

A new skewed-rotor design concept for 6/4 pole-paired
DSPM is proposed in this paper. In this proposed design, the
rotor has the same pole width as that of the stator and skews at
one-half the pole width. Based on the flux linkage of the skewed
rotor, a six-state commutating mode for DSPM is presented.
There are some advantages of these design concepts, such
as minimum cogging torque, small torque ripple, simplified
control parameters, and self-starting capability. The feasibility
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of these design ideas is verified by simulation and experimental
results.
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