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Abstract—This paper proposes a new 8/6-pole split-
winding doubly salient permanent magnet (DSPM) motor
drive. The analysis, control, implementation and experi-
ments of the motor drive are presented. The magnetic
field analysis is carried out using finite element method.
The split-winding topology is proposed to extend the con-
stant power operation range. The control strategy for the
DSPM motor drive is developed. Two operation modes,
namely 4-phase and 2-phase operation modes, are pro-
posed for the 8/6-pole DSPM motor drive. In 4-phase op-
eration mode, a half-bridge power converter but without
split capacitors is used to reduce the number of power
devices and to eliminate the problem of voltage unbalance
in the capacitors. The drive system is implemented and
tested. The experimental results show that the developed
control scheme can operate the DSPM motor properly,
and the DSPM motor drive offers high efficiency over
wide power range and good dynamic performance. Fur-
thermore, the 2-phase operation mode of the 8/6-pole
DSPM motor offers the potentiality of eliminating the
torque ripple of the motor drive.

[. INTRODUCTION

It has been a long-standing goal to develop an advanced
motor drive that combines the advantages of the DC motor
drive of good speed controllability and the AC motor drive of
high reliability, robustness, and maintenance free for industry
and electric vehicle applications. In the past decades, many
advanced motor drives with improved efficiency using per-
manent magnets in the motor have been developed [1], [2].
One of those high efficiency advanced motors is the doubly
salient permanent magnet (DSPM) motor [3]. The recent lit-
erature has shown that the DSPM motor is of high efficiency,
high power density and simple structure [3]-[7].

Recently, a new 4-phase, 8/6-pole DSPM motor has been
proposed and its definite advantages over a 6/4-pole one,
namely higher power density, wider speed range, less torque
ripple, and lower current magnitude, have been revealed [4].
However, similar to most of the PM brushless motors, the
constant power operation range of the DSPM motor is very
limited due to the fact that the field control capability of PM
excitation is more difficult to achieve than that of wound
field excitation. The purpose of this article is to propose a
new topology to extend the constant power operation range
of the DSPM motor, namely split-winding configuration. The

analysis, control, implementation and performance of the
proposed split-winding DSPM motor drive are presented. To
operate the DSPM motor in bi-directional current, a 4-phase
half-bridge power converter but without split capacitors is
used so as to reduce the number of devices, and to eliminate
the problem of voltage unbalance in the split capacitors. The
control strategy for the proposed DSPM motor drive is ex-
plored and implemented based on a 16-bit high-speed micro-
computer. The experimental results of the prototype machine
not only verify the theoretical analysis, but also show that the
developed DSPM motor drive offers high efficiency over
wide output power range and good dynamic performance.
The split-winding topology can effectively extend the con-
stant power operation range of the DSPM motor. Further-
more, according to the unique feature of the 8/6-pole DSPM
motor, a new two-phase operation mode is proposed, which
offers the potentiality of eliminating the torque ripple of the
motor drive.

II. MOTOR STRUCTURE AND MAGNETIC FIELD ANALYSIS

Fig. 1 shows the cross section of the newly proposed
DSPM motor. It is a 4-phase, 8/6-pole DSPM motor and es-
sentially adopts the same structure as a switched reluctance
(SR) motor, but with permanent magnets placed in the stator.
There is no permanent magnets or windings in the rotor. Ob-
viously, the machine is of simple structure and free of main-
tenance, and is capable of working at high speed. The corre-
sponding PMs are located in stator and thus can be easily
cooled, hence eliminating the problem of irreversible demag-
netization and mechanical instability. In addition, since the
stator windings are concentrated, the overhanging part of the
coil is short, resulting in the saving of copper as well as the
reduction of copper loss.
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Fig. 1. Cross-section of 8/6-pole DSPM motor.
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Under assumptions that the fringing offset is negligible,
and the permeability of the core is infinite, a linear variation
of PM flux linkage is produced in each of stator windings at
no-load. The corresponding theoretical waveforms of PM
flux and phase current are shown in Fig. 2. When PM flux
linkage increases with rotor position angle, a positive phase
current is applied to the winding, resulting in a positive
torque. When PM flux linkage decreases, a negative current
is applied to the winding, also resulting in a positive torque.
Thus the two possible torque-producing zones are all utilized.

-

| Position

4

Flux & Current

Fig. 2. Theoretical flux (solid) and current (dashed) waveforms.

The magnetic field of the motor has been analyzed by fi-
nite element method [5]. Fig. 3 gives the distributions of the
PM field at no-load and the armature field at the phase cur-
rent of 2A. It can be seen from Fig. 3(a) that most of the flux
produced by PMs loops through the air gap and rotor. Addi-
tionally there is a little flux passing through the surrounding
space outside the circumference of the motor, which is the
outer leakage flux peculiar to the DSPM motor. Fig. 3(b)
shows that most of the armature flux loops through adjacent
stator poles and only a little portion passes through the PMs.
Therefore, the DSPM motor is less sensitive to the demagnet-
izing effect of the armature flux than traditional PM ma-
chines. From the finite element analysis, the static character-
istics, namely PM flux linkage, back EMF and phase induc-
tance, can readily be deduced [5].

III. SPLIT-WINDING TOPOLOGY

According to the operation principle of the DSPM motor,
the maximum speed of a DSPM motor for given supply volt-
age can be deduced as [4], [7]:

U
0) r max =
kwB,

M

where U is the voltage applied to phase winding, & a constant
factor governed by machine dimensions, w the turn number
of winding per phase in series, B, the flux density in the air

gap. Equation (1) indicates that the speed limit can be ex-
tended by reducing the number of winding turns per phase.
This principle of extending operation range is suitable to all
PM motors in theory, but not practical for those normal PM
motors, such as PM synchronous motors, because they adopt
distributed windings and the corresponding change of wind-
ing turns is difficult. However, the DSPM motor with con-
centrated winding can allow changing the number of winding
turns by employing split-windings [7], [8]. Fig. 4 shows the

schematic connection of the proposed split-windings. When
the switch K; is on, the whole windings are functional,
whereas the switch K, can be turned on so that the winding
turns per phase are reduced to 50%. Fig. 5 gives the simu-
lated steady-state torque characteristics under different wind-
ing turns, showing that the constant power operation range of
the motor is much extended by reducing the winding turns
from 100% to 50%.

50%
A B' c D'

!

Fig. 4. Schematic connection of split-windings.
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Fig.5. Simulated torque characteristics under different winding turns.

IV. CONTROL STRATEGY

The speed of the DSPM motor drive is controlled by a
digital PI controller whose output is the torque reference 7. .

The discrete equation for digital PI controller can be obtained
as [9]:

T(k)=er(k)+K1ie(j)=Tp(k)+T1(k) 2

j=0
where e is the speed offset, K, and K, are the proportional

and integral gains, respectively. To reduce speed oscillation,
a small dead zone of speed is deliberately introduced into the
controller. To speed up the dynamic response, the bang-bang
control is combined with the PI control. When the absolute
value of the speed offset is larger than a given value €, the
bang-bang control is adopted. Otherwise, PI control is per-
formed:

{e(k) >¢ ---bang_bang control 3)

e(k)<e ---Pl control

In bang-bang control, if the speed error is positive and the
speed is increasing, the output of the controller is directly set
to be the maximum. Otherwise, it is set to be zero.

In DSPM motor, four angles, namely 0 , 67, 6 and

on off * Yon

0, as well as current reference are possible control vari-

ables to shape the phase current, which can give a very flexi-
ble control schemes. Hence, the torque of the motor can be
controlled by the current chopping control (CCC) and angle
position control (APC), respectively for constant torque op-
eration at speeds below the base speed and constant power
operation at speeds above the base speed. In the low speed
CCC mode, the four angles are fixed and the torque is con-
trolled by current reference I". According to the principle of
the DSPM motor, the electromagnetic torque per phase can
be expressed as [4]:

d
ey ey, 4, @
2°do 7

e s de

where y , is the PM-induced flux linkage, L phase induc-

tance, 0 rotor position angle, i, phase current, 7, reluctance

r

torque component, and 7,, PM torque component. Since the

current waveforms in the positive and negative strokes are
symmetrical in CCC mode, the average value of reluctance
torque component is zero. Thus, the average torque of the
motor is governed by the PM torque component only, which
is given by:

_ 2m 0, d‘llpm _ 2m
=, b (’ & }’9~e—"“’pmz‘“’wl) ©

cr cr

where / is the magnitude of the rectangular waveform current,
m phase number, 8, the rotor pole pitch angle, vy, and

V., are the PM flux linkages corresponding to 6, and

0’ ., respectively. It is seen that the average torque is propor-

+
off >
tional to the current /. Hence, once the torque reference T is

obtained by using PI regulation, the current reference /* can
readily be specified using (5).

In high speed APC mode, the torque is controlled by con-
duction angle 6, which is given by:

w

ew = OZ// —9; = e;ff _e;n (6)

Fig. 6 illustrates the measured current waveform of the motor
with light load at the APC mode.

T
/| v
| IR

Fig. 6. Measured phase current (lower trace) and the positive stroke firing
signal (upper trace) waveforms at APC mode with light load.

————I: T

Fig. 7 shows the control block diagram of the DSPM mo-
tor drive. The core of the control system is an Intel
80C196KD 16-bit high-speed microcomputer. It receives
position signals from the rotor position sensor and calculates
the speed and firing angles. The microcomputer also pro-
duces current references to the IGBTs of the converter. The
phase current is measured by the LEM module and is fed
back to a hysteresis controller for current chopping control.
To simplify the comparison of the measured current with the
current reference, an absolute value amplifier is adopted to
convert the AC current to DC current for each phase. Fig. 8
illustrates the circuitry of the absolute value amplifier and its
input and output signal waveforms at 20 kHz, showing a very
small distortion.
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Fig. 7. Control block diagram.
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Fig. 8. Absolute value amplifier. (a) Circuitry; (b) Input (upper trace) and
output (lower trace) waveforms at 20 kHz.

In accordance with the operation principle of the DSPM
motor, the phase winding should be turned on or off at the
specific rotor positions. Hence the rotor position information
is indispensable for the proper operation of the DSPM motor.
For the motor drive system developed in this paper, positions
are measured by a simple position sensor (PS). As shown in
Fig. 9, this PS consists of a slotted disc connected to the rotor
shaft and two opto-couplers mounted to the stator housing.
The two opto-couplers are nominally located 45° apart from
each other along the circumference of the disc. The output
waveforms of the sensor are shown in Fig. 10. The sensor
generates a signal edge for every 15° of mechanical rotation.
The transitions of these outputs determine specific angles. At
each edge, the speed is calculated by:

60Ar  fuu
At 04N

ﬁ:

0

where 7 is the speed in rpm, Ar the distance between edges
in revolution, Af¢ the time between edges, N the number of
clock counts between edges, and f,, the clock frequency.
For the proposed 4-phase 8/6-pole DSPM motor, the con-
trol logic can be obtained as given in Table I according to the

relationship between the PM fluxes and position signals in
Fig. 10.

DSPM motor
housing

Opto-couplers

Slotted disc

Fig. 9. Position sensor.
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Fig. 10. Position signals and PM flux linkages.

V. OPERATION MODES OF 8/6-POLE DSPM MOTOR DRIVE

To supply the DSPM motor, a bipolar converter is pre-
ferred so as to bring the merit of the DSPM motor into full
play. To control the phase currents individually, there are
basically two converter topologies possible for bi-directional
operation of the DSPM motor, namely the full-bridge con-
verter, and the half-bridge converter with split capacitors.
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The later topology is usually selected for the DSPM drive
system, because it minimizes the use of power devices, as
shown in Fig. 11.

TABLE 1
CONTROL LOGIC OF DSPM MOTOR DRIVE
Signal states: S¢S, 01 11 10 00
N 1 1 0 0
Phase A S, 0 0 1 1
Ss 0 1 1 0
Phase B S, 1 0 0 1
Ss 0 0 1 1
Phase C S, 1 1 0 0
S, 1 0 0 1
Phase D Se 0 1 1 0
Power Converter

(Gating Signals|

Current
regulation
controller

Shaft angle
sensor

DSPM Motor

Fig. 11. Schematic diagram of the DSPM motor drive.

A. Four Phase Operation

For 3-phase 6/4-pole DSPM motors [3], [10], the connec-
tion between the center-point of the split capacitors and the
neutral of motor windings, as shown by the dotted line in Fig.
11, is usually necessary to accommodate the additional cur-
rent during the commutation period. However, voltage
asymmetry between the two split capacitors often occurs be-
cause the phase currents are asymmetrical in the DSPM mo-
tor [4]. As a result, different voltages are applied to the upper
and lower legs, which reduces the dynamic behavior of the
motor drive, increases the torque ripple, and even damages
the capacitors and the control system. Therefore, some auxil-
iary hardware and software are necessary to keep the voltage
at the center-point of the capacitors almost constant [10], [11],
which makes the control system more complicated.

For the proposed 4-phase 8/6-pole DSPM motor, however,
it can be found from the control logic given in Table I that at
any time instant the power switches in upper and lower legs

of the converter are conducting in pairs (phase A pairs up
with phase C, and phase B pairs up with phase D). Hence it
arises the possibility of removing the connection between the
center-point of the split capacitors and the neutral of the mo-
tor windings without significant influence on the behavior of

provided 6, =6 +16,

As a consequence, the problem of voltage

the motor  drive and

0, =0, +36,, .
unbalance in the split capacitors is eliminated and the hard-
ware and software of the control system are thus simplified.
Moreover, because the positive half cycle and negative half
cycle of the phase current are forced to be almost symmetri-
cal, the average value of the reluctance torque become near

zero even at high speed.

B. Two phase operation

Further inspecting the characteristics and the control logic
of the 8/6-pole DSPM motor drive reveals that there is a pos-
sibility of the DSPM motor working as two-phase motor
drive. Reversely connecting the winding A with C and wind-
ing B with D, respectively, in series, as shown in Fig. 12, we
can construct a two-phase DSPM motor drive. It can be sup-
plied by a two-phase full-bridge power converter or a half-
bridge power converter with split capacitors. In the former
case, the supply DC bus voltage and the number of power
switches are the same as those in four phase operation mode
with half-bridge converter in Fig. 11, but the voltage rating of
power switches is halved and in turn the cost and loss of
power switches may be reduced.

A B
A B'
C' D'
C D

Fig. 12. Winding connection of two-phase operation mode of 8/6-pole
DSPM motor.

What is more important is that the two-phase operation
mode offers the potentiality of eliminating the torque ripple
of the motor drive. The self-inductance of each phase in two-
phase mode should be equal to the summation of Phases A
and C or Phases B and D as given by:

L'(8)=L,(0)+L.(8)=L,(8)+L,(6) ®)
As shown in Fig. 13, because of the reverse of L,(6) and

L.(0), L'(0) keeps constant. Thus, according to (4), the
reluctance torque is always zero.
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Fig. 13. Theoretical self-inductance.

Moreover, for the DSPM motor with appropriate rotor
skewing, the back EMF is very close to sinusoidal waveform
as shown in Fig. 14. Assuming that the back EMF of Phase A
can be expressed as:

e, =E, sin(x) ®

Then the back EMF of Phase B can be obtained by lagging
90° electrical angle as:

e, =E, sin(x—90°) (10)
If sinusoidal currents in phase with the back EMFs are prop-
erly applied to the phase windings by appropriate control
strategy, the PM torque components can be obtained as:

i, E
T, =44 = 20 gin? (x) = T, sin® (x) (11)
o, o,
i E I .
T, =28 = Z0n gin® (x=90°) = T, sin>(x~90°)  (12)
r O‘)r

where 7, = E I, /®, is the magnitude of torque. Then the
total electromagnetic torque is:

" =T [sin® (x) +sin’ (x —90°)]
_ Tm[l— cos(2x) + 1—cos(2x—180 )}

T,=T, +T

pmB

- 2 2

-7 {1 _ cos(2x) + c<)2s(180° - 2x)} -7 (13)

Equation (13) indicates that the total electromagnetic torque
does not vary with rotor position and keeps constant, as
shown in Fig. 15. This suggests that the doubly salient motor
drive is able to compete against the traditional motor drives
not only in simple structure, high power density, and fast
response etc., but also in the smoothness of torque character-
istic.

VI. IMPLEMENTATION AND RESULTS

An experimental split-winding DSPM motor drive with
the ratings of 750W and 1500rpm has been designed and
built for verification. The main design data are given in Table

II. An IGBT-based four-phase power converter and a micro-
computer based digital controller are designed and imple-
mented to drive the motor. A DC dynamometer with the rat-
ings of 2.3kW, 230V and 1500 rpm was used as variable load.
Both input power and RMS current of the DSPM motor are
measured by a digital power analyzer. Fig. 16 shows a photo
of the test set.

120
80

— EMF

— — Sine wave

0 10 20 30 40 50 60
Rotor angle (degree)

Fig. 14. Comparison between back EMF and sine wave.

A sin’(x-m/2)

sin*(x)
\

0

Fig. 15. Summation of two torque components.

Dynamometer DSPM motor PS

Fig. 16. Test set of the DSPM motor drive.

Fig. 17 shows the comparison of simulated and measured
current waveforms at CCC mode, whereas Fig. 18 shows that
at APC mode, illustrating a good agreement between the
theoretical and experimental results. Fig. 19 depicts the
measured efficiency and RMS current of the motor at the
rated speed of 1500 rpm. It is seen that the motor offers high
efficiency over wide output power range, which is highly
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desirable for some applications such as electric vehicles. The
efficiency at the rated operating point is 87.7%, much higher
than that of a standard induction motor (typically 75%) with
the same capacity and speed.

TABLE 11

MOTOR PARAMETERS
Rated power 750 W
Rated phase voltage 200 V
Rated speed 1500 rpm
No. of phases 4
No. of stator poles 8
No. of rotor poles 6
Stator inner diameter 75 mm
Stack length 75 mm
Airgap length 0.45 mm
Winding turns per phase 220
Magnet material Nd-Fe-B

Current (A)
[=}

i

(b)

Fig. 17. Current waveforms at CCC mode and 500 rpm. (a) Simulated; (b)
measured (1A/div, Sms/div.

To testify the dynamic performance of the motor drive,
the speed and current responses are recorded. Fig. 20(a)
shows the starting response from standstill to the rated speed
of 1500 rpm. It can be seen that the motor drive responds
quickly and takes only 0.43 second to reach the desired speed
without steady-state error. Moreover, Fig. 20(b) gives the
dynamic performance under a sudden change of load from
2.66 Nm to 0.66 Nm at the rated speed. It can be found that
the transient rise in speed is very small and the speed
regulation is good.

4

Current (A)
S

Time

(2)

[

Fig. 18. Current waveforms at APC mode and 1500 rpm. (a) Simulated, (b)
Measured (2A/div, 2ms/div).
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Fig. 19. Measured efficiency and RMS current at 1500 rpm.

Due to the speed limitation of the DC dynamometer
available in our laboratary, two alternative tests are carried
out in order to testify the effectiveness of the split-winding on
extending the constant power operation range of the motor
drive. One is the load test under the reduced DC bus voltage
from the rated value of 400 V to 150 V. The corresponding
measured power-speed characteristics for the winding turns
equal to 100% and 50% are shown in Fig. 21. Another is that
the DSPM motor is mechanically decoupled with DC
dynamometer and runs at no-load. The measured maximum
speeds for the winding turns equal to 100% and 50% are
3152 rpm and 6010 rpm, respectively, under the same
operation conditions and control parameters. It illustrates that
the constant power operation range is almost doubled by
reducing the winding turns from 100% to 50%, showing that
the split-winding topology can effectively extend the constant
power operation range.
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The research on the two-phase operation mode of the
proposed 8/6-pole DSPM motor drive is under going and the
experimental results will be reported in a separate paper in
near future.

(b)
Fig. 20. Measured speed (upper trace) and current (lower trace) responses. (a)
Starting (350rpm/div, 1.67A/div, 0.5s/div), (b) Sudden change of load from
2.66Nm to 0.66Nm at 1500 rpm (350 rpm/div, 2A/div, 0.5s/div)
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Fig. 21. Measured power-speed characteristics.

VII. CONCLUSIONS

This paper proposes a new 8/6-pole split-winding doubly
salient permanent magnet motor drive. The magnetic field
distribution of the motor has been analyzed by finite element
method. The control strategy of the motor drive has been
developed and a digital PI controller combined with bang-
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bang control has been specified. A digital control system for
the motor drive has been developed based on a 16-bit high-
speed microcomputer. According to the unique features of
the proposed 8/6-pole DSPM motor, two operation modes,
namely four-phase operation and two-phase operation, have
been proposed to operate the motor. The analysis of the char-
acteristics of the motor drive has been carried out. A proto-
type drive system with 4-phase operation mode has been de-
signed, implemented and tested. The results not only verify
the theoretical analysis, but also show that the developed con-
trol scheme can operate the DSPM motor properly. The pro-
posed 8/6-pole DSPM motor drive offers the advantages of
high efficiency over wide power range and good dynamic
response. The split-winding topology can effectively extend
the constant power operation range. Moreover, the two-phase
operation mode of the 8/6-pole DSPM motor offers the po-
tentiality of eliminating the torque ripple of the DSPM motor
drive.
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