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Abstract This paper introduces a new type of
synchronous reluctance motor having only two
phases. Since the currents in the phases are uni-
directional rather than bi-directional, the associ-
ated power converter requires only two transistors
and two feedback diodes. It is demonstrated that
with the same amount of active copper, this
machine is capable of twice the torque as the
equivalent switched reluctance motor.

INTRODUCTION

Although induction motor drives are still the
workhorsc of industry, the switched reluctance
(SR) motor drive has been actively researched
over the past decade with very promising results
{1-3]. The SR machine has a simple and rugged
construction and very good overall performance
over a wide torque-speed range (2]. Most impor-
tantly, this machine requires only unipolar current
for cxcitation since the rotor is not polarized.
Hence, simpler power converter structures to
power the machine are possible. A detailed com-
parison of the SR motor drive with a high
efficiency induction motor drive indicates that per-
formance parameters, such as torque per unit sta-
tor volume, torque per unit inertia and torque per
unit copper weight, can be made equal to that of
induction machine, or, in some cases, even
exceed the induction machine [3].

The SR motor is, in effect, an advanced type
of stepping motor in which the current is carefully
regulated to provide maximum torque per "stroke"”
of phase current. The designation "switched reluc-
tance” is a somewhat inappropriate term for this
machine since induction and synchronous motors
operated from an inverter are never term ed
"switched induction" or "switched synchronous”
motors. In this paper, the term current regulated
stepping motor (CRS motor or CRSM) is used as a
more appropriate and consistent term for this
machine when comparcd with other conventional
ac motor drives operated with a closed loop
current regulator.

While the recent work on CRS machines are
encouraging, the jury is still out on whether the
machine is truly an optimum geometry. In several
respects the machine is suspect. For example,
taking a 8 stator/6 rotor pole CRS motor as an
illustration, only one quarter or, at best, with exci-
tation of two of the four phases, one half of the
stator inner circumference is utilized to make a
contribution to torque development at any instant.
Secondly, the inductance variation of the ocuppy-
ing coils over each one fourth of the machine is
limited by the so called double salient design.
Hence, it is clear that any method of ensuring that
the other three quarters of the inner circumfer-
ence of the stator remain “active” will be very
significant to torque production and, thercfore, to
increasing the power density of the machine. The
same argument applies if the inductance variation
per unit of rotor rotation can be increased by
other methods.

This paper describes a new configuration of a
synchronous reluctance motor utilizing concen-
trated windings and unidirectional winding
currents which shows promise in outpcrforming
the CRS motor. The paper proposes that with an
identical frame size and same amount of active
copper, the output of the machine can be doubled
compared to its CRS motor counterpart. The
striking improvement of fcasible torque produc-
tion in a synchronous reluctance motor is attri-
buted to the multi-circuits in each phase which
ensure that the entire airgap surface remains
"active" and also to a segmented rotor construc-
tion which allows the variation of the inductance
of a coil to be several times of that of CRS motor.
Since this machine also requires careful regulation
of the stator current to extract maximum torque,
the machine is denoted in this paper as a current

regulated synchronous reluctance motor or CRSR
motor.



_ Based on the concepts presented in this
papcr, a suitable number of stator phases and
rotor poles are chosen for both CRS and CRSR
motors with the same frame size and torque pro-
duction is analyzed and compared. The detailed
design and fabrication of such a prototype CRSR
motor is in progress and the test results will be
presented in the near future.

REVIEW OF TORQUE PRODUCTION
IN AN CRS MOTOR

Analysis of Basic CRS Motor Operation

~ Electromechanical energy conversion in a
CRS motor, shown idealized in Fig. 1, is accom-
plished by means of a time varying inductance due
to the variation of the rotor position. This princi-
ple can be best illustrated by plotting a stator
winding inductance profile versus the rotor posi-
tion with respect to the axis of the stator winding
and the stator current waveform corresponding to
the variation of this inductance as shown in Fig. 2.
It should be noted that the current is idealized and
assumed to flow only during the interval when
motoring torque production is possible.
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Fig. 1 Idealized Representation of Eight Pole Sta-
tor - Six Pole Rotor Switched Reluctance
(Current Regulated Stepping) Motor.

The physical operation of the model can also
be represented by the simple circuit shown in Fig.
3. For simplicity of analysis, all the losses are
neglected for the time being, and therefore no
resistance is involved in the circuit. The circuit is
assumed to be fed with a prescribed current as
shown in Fig. 2 from the source and the induc-
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Fig. 2 Inductance Variation and Current Profile
of Current in One of the Phases of 8/6
Pole CRS Motor.
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Fig. 3 Simplified Equivalent Circuit of One Phase
of CRS Motor.

tance is lime-varying due to the rotor rotation.
The flux linkage associated with the inductance L
is A and if saturation of the magnetic material is
neglected, the flux linkage can be expressed as

A= L0, i (1)

where L is only a function of rotor angle displace-
ment (saturation neglected). The induced voltage
by the inductance is
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The instantaneous power entering the circuit is
di 2 dL_
P=Li—+ 3
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where the rotor angular speed d@,/d: is assumed

to be a constant, . Equation (3) can be further
written in the form of
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Equation (4) yields the well known result that the
input electrical power is balanced by the derivative
of the stored field energy and the mechanical out-
put power. The second term in the right hand
side of (4) indicates that the electromagnetic
torque can be expressed as:

___l_.z dL
T=2"%e

(5)
Limitation of Improvement in Torque Production
in CRS Motors

By examining (5), the following conclusions
can be reached immediately:

1) Motoring torque is produced if the CRS
machine is excited during the interval in
which the inductance of the winding is
increasing, that is , when dL /d@, is positive.

2) Generating torque is produced if CRS
machine is excited during the interval in
which the inductance of the winding is
decreasing, that is, when dL /d0, is negative.

3) Torque production is proportional to the
square of the current and therefore indepen-
dent of current polarity if mutual inductance
is not involved. That is, when only one
‘winding at a time is excited.

4) For a given current, to maximize the torque,
dL /d®, should be maximized.

- From a motor design point of view, 4)
implies that within a certain angle of rotor rota-
tioh, the stator winding inductance variation
should be as large as possible. The limitation
imposed by a CRS motor in maximizing dL/d0,
can be explained by taking a two pole rotor and
one phase stator coil CRS motor as an example,
as illustrated in Fig. 4. In order to maximize
L .5 the stator pole should be completely aligned
with the rotor pole. On the other hand, to
minimize L., the stator pole should be totally
nonaligned with the rotor pole. Therefore, a
design constraint exists wherein the relationship

ﬁs + [3,5 2r/N, ‘ (6)

must be satisfied. Under this constraint, L ;, is
limited by the leakage flux and L, is limited by
the permeance of main flux path which is set by
the cross-section of the stator pole and minimum
allowable air gap. In general, these limitations
generally result in a maximum achievable ratio of
L max/ L min of 10:1. By observing the illustration,

Fig. 4 Illustrating Design Limitation of Doubly
Salient Construction.

it is therefore clear that a marked improvement in
dL/d@, is not practical without increasing the
number of poles (reducing A@) which, unfor-
tunately, leads to an undesirable low speed
machine , or conversely, very high switching fre-
quencies in the associated power convcrter.
Nevertheless, the analysis of the CRS motor gives
us a clue to exploring the potential improvement
of the term dL /d@, in the torque equation.

BASIC CRSKR MOTOR CONFIGURATION

Stator and Rotor Structure

The rotor structurc of the CRSR motor
presented in this paper is depicted in Fig. 5. For a
six pole CRSR machine, which is the cquivalent
of the 8 pole stator/6 pole rotor stepping motor,
the rotor is divided into six scgments, and cach

Fig. 5 Rotor and Stator Assembly of Six Pole
CRSR Motor.Showing Scgmented Rotor
Structure with Axial Laminations.



segment consists of a stack of axially laminated
iron sheets sandwiched with nonmagnetic
material. The rotor is fitted into a stator having
fully pitched windings. To distribute the load the
machine can be designed with any number of
phases. However, a two phase CRSR machine
most analogous to the 8/6 CRS motor. The
phases are designed to carry unidirectional
currents in the same manner as the CRS machine.

Several converter arrangements are possible
to power this machine [1,2,6]. One of the sim-
plest, using a split dc bus and only two transistors,
is shown in Fig. 6(a). The currents are, in effect,
unidirectional blocks of current with a duration of
90° electrical and occur with two pulses per cycle
as shown in Fig. 6(b). Since the flux in each coil
is a pulsing dc quantity, the rotor poles encounter
an ac flux variation during rotation. Because the
rotor poles are not polarized, a continuous uni-
directional torque can still be maintained and,
excluding saturation effects, the torque is a non-
pulsating quantity.
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Fig. 6 (a) Power Converter for CRSR Motor
Utilizing Only Two Transistor Switches.
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Fig. 6 (b) Current Waveshape of ‘Two Phase
CRSR Motor as a Function of Rotor Posi-
tion. ’

Computation of Inductance as a Function of
Rotor Position

It is convenient to analyze this machine by
the ‘"rotor induced MMEF" method as was
described in [4]. If the stator MMF is as shown
in 7(a), then it can be shown that the induced
rotor MMF will be as given in Fig. 7(b). It is
interesting to note that the induced rotor MMF
depends not only on the waveform of stator MMF
but also on the position of the rotor with respect
to the stator winding. As an extreme case, if 0,
equals 90° the induced MMF will have an identi-
cal waveform to that of the stator with opposite
polarity which is extremely useful in the sense of
maximizing dL /d@,.
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Fig. 7 Stator MMF and Induced Rotor MMF of
CRSR Motor.

If we consider that the airgap flux is pro-
duced by the effective MMF which is the summa-
tion of stator MMF and rotor induced MMF, and
if the airgap length is uniform, then winding func-
tion theory can be very conveniently employed to
compute the inductance {7]. According to winding
function theory, the inductance for a given coil
can be calculated as

1211:
Bol | Fou(0,. 0N (0)d0 %

8 o
where F,, (0, 0) is the effective MMF distribution
created by a unit current in a given stator winding
and N,(0) is the winding function expressing the
stator coil distribution as a function of the angular
measure along the air gap . In the more general
situation, the stator may be equipped with multi-
phase windings. In this case the approach
described above can be generalized to compute all

self and mutual inductances.

Figure 8 shows the results of an inductance
calculation for the six pole rotor with two phase
stator windings mutually displaced by 90°. The
rotor position @, with repect to phase winding A is
90° elcctrical for the case shown and the rotor is
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Fig. 8 Self-Inductance of Stator Windings of Two
Phase Synchronous Reluctance Motor.

assumed to move in the direction of increasing 0,.
The self inductances L,, and L, calculated by
winding functions when the rotor moves from 0
to 120° are shown. It should be observed that

because the restriction B +B,< 2r/N, is not appli-
cable for this structure, the iron cross-section of
the coil can’ be many times of that in double-
saliency design, the L,, value in each coil will
clearly be many times of that of the CRS motor
winding.

It should be noted that this computation is

idealized in two respects. First, when the rotor is
at the extreme position (9,=30°), it is assumed
that here is no leakage flux at all. This idealization
results in L,;,, being zero. Seccondly, it is
assumed that the magnetic material works in the
linear region only and that the reluctance in the
iron is zero. Hence, L (6,) is only a function of
rotor angle. In reality, these assumptions are, of
course, not true. Nevertheless, these idealizations
will not affect the general conclusion since it is the
difference between L ,, and L ;. that contributes
to torque production.

COMPARISION OF TORQUE CAPABILITY
OF CRS AND CRSR MOTORS

Prototype CRS and CRSR motors are shown

in Figs. 1 and 5. For the purposc of comparision,
the following assumptions are made:

1) The two motors have the same stator inner

diameter, the same length of the iron stack
and the same length of airgap.

2) The number of rotor poles are the same for

both motors.

3) Both motors have the same total number of

turns of stator windings and the wire gauge is
the same and therefore the two machines
have the same amount of active copper
weight. ‘

4) Each stator phase winding has the same
current and because of 3), the same current
density.

5) The CRSM has 8 stator coils and CRSR
motor 12,

6) The magnetic materials in both motors work
in the linear region.

7) Consistent with manufacturing experience,
the ratio L .4/ L mis 1S assumed to be 10 and 5
for the CRS motor and CRSR motor respec-
tively .

Based on the assumptions 1) through 6) it
immediately follows that the turns per coil and
MMF produced by a coil in a two phase. six pole
CRSR motor is 2/3 of that in a four phase, eight
pole CRS motor. The flux density in a CRSR
motor is thus 2/3 of that in a CRS motor.
Because both motors have the same number of
rotor poles, each coil in both the CRS and CRSR
motors is excited six times for each revolution of
the rotor. The period for excitation of each coil in
a CRS motor is 15 degrees. However, for a coil in
a CRSR motor it is 30 degrees.

It can be recalled that the instantaneous
torque during the period of excitation of any coil
is governed by Eq. (5). For convience, it will be
assumed that during the excitation period the coil
inductance is a linear function of rotor position 0,.
Then (5) can be written in the form:

l i2 Lmax - Lmin

=5 AQ

(8)
r

where L., and L, are the inductances in the
maximum and minimum inductance positions
respectively and A@, is the incremental rotor angle
over which this inductance variation takes place.

It is convenient to let

1
kp = 1-————
t (L max/Lmin)
The torque can be then be written as
1 .2 kLLmax
T == i —— 9
) )

It can be recalled that the inductancc can be
expressed as (7]

o lrBoN 2

L =
2g

max

(10)

where

L, = pcrmeability of air

~
Il

length of the stack



radius of the rotor

.,
I

0y = pole arc of one stator pole
g = length of airgap
N = # of turns per coil

Substituting (10) into (9), the average torque

contributed by a single coil in one rotor revolution
is therefore,

2
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T = — —_—
ave) = 5[5 % (11)

It is important to note the difference between the
instantaneous torque and the average torque
which is independent of the incremental rotor
angle A@,. Taking the number of phases and
number of circuits per phase into account, the
total average torque produced by the machine is

15 2 kLBolrON?
T (avey = mC [T i —-35?—— (12)
where

m = number of phases

C

number of circuits per phase

For purpose of comparison, it is convenient to
simply denote all quantities associated with CRS
motor by the subscript "1" and those of the CRSR
motor by "2". Therefore, a torque ratio expressing
the degree of improvement of the CRSR motor
relative to the CRS motor can be written as:
2
. Tavey, mM2Coky Bo,N3 (13)
T(ave)l m 1C ]kL 1001N12

where we have already made use of the fact that
iy = i;. This expression clearly indicates the
importance of the iron cross- sectional area
spanned the coil i.e., the importance of 0, From
assumptions 1) through 7), we have

N2= 0.67 N N1=N

my= 2 my= 4
C2= 3 Cl: 1
kp,= 4/5 ky = 9/10
O, = 60° Op, = 18°

Upon evaluation of (13) using the above parame-
ters, the torque ratio between the- CRSR motor
and CRS motor becomes

T = 1997 (14)

Hence, with the identical frame size and
copper weight, the CRSR motor will develop

twice as much torque as that of the CRS motor.
That is, the power density of a CRSR motor will
be twice that of a CRS motor. This conclusion

may also be understood by inspection of the
CRSR motor and CRS motor operation physically.
Note in paraticular that during each energy
conversion period, the CRS motor only has one
coil making a contribution to torque production
while the CRSR motor results in the entire airgap
surface being active. In addition, each coil in the
CRSR motor links several times more flux than
the coil in the CRS motor due to the segmented
rotor structure. Therefore, it is not surprising that
CRSR motor can convert more energy for the
same rotor speed.

FREQUENCY AND WAVESHAPE
OF THE FLUX VARIATION

Although the CRSR motor develops as
much as two times the torque of a CRS motor
with the identical physical size, the flux in the
motor for different momecents of operation still
retains desirable characteristics. In particular, Fig.
9 depicts the airgap flux distribution for 9, = 0°
7.5°, 15°, 22.5° and 30°. Bccause there is no
current overlap between the phases, the flux at
any moment is produced by a single phase current
only. The flux distribution around the airgap has
the following features,

1) The total flux linkages increase linearly with
the rotor positon from 0 to 30 degrees, but
the magnitude of the flux density at any point
is always 2/3 that of the equivalent CRS

motor.
(6=0)
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Fig. 9 Air Gap Flux Distributions for Various
Rotor Positions.



2) The fundamental frequency variation of the

flux pattern is reduced to half of that in the
CRS motor.

In summary, while the flux density in CRSR
motor is reduced to 2/3 of that in CRS motor the
increased span of the coils keeps torque produc-
tion high. It is clear that this mode of operation
has important side benefits since the iron losscs in
CRSR motor would be significantly reduced due
to a reduction in both the frequency and magni-
tude of the flux density. Also, it is clear that
saturation will affect the torque production capa-
bility of both machines. However, since the flux
density is 33% lower in the CRSRM than the CRS
motor, saturation should only serve to improve
the situation in favor of the new machine.

It should be mentioned, however, that the
copper losses in the new machine will increase
because more coils are conducting-during a longer
portion of each excitation interval. However, an
overall effitiency improvement for the CRSR
motor is expected. Other advantages of operating
the motor with low frequency flux variation are:

1) High speed capability due to the low ratio of
switching frequency to speed.

2) Less number of switches in power convert-
ers.

3) Reduction of losses associated with the
switching frequency.

4) Since the flux density in the rotor is non-
alternating, the rotor can be constructed with
grain-oriented steel further reducing the iron
losses.

CONCLUSION

Although switched reluctance (stepping)
motors have attracted considerable interest as a
potential replacement for induction motors, the
similar capabilities of more conventional singly
salient synchronous reluctance motors have been
neglected. This paper shows that the desirable
features of unidirectional current, low torque pul-
sation, and low losses can also be accomplished
with a synchronous reluctance motor but with a
marked improvement in the power density. While
any number of phases can be employed in this
new machine, the special advantages of a two
.phase machine were outlined. While the results
are theoretical thusfar, a prototype machine of the
required geometry has been designed and will
soon be tested in our laboratory.

(1]

(2}

(3]

(4]

(5]

[6]

[7]

REFERENCES

P.J. Lawrenson, J. M. Stephenson, P.T. Blenk-
insop, J. Corda and N.N. Fulton, "Variable-
Speed Switched Reluctance motors", Proc.
Inst. Elec. Eng. vol. 127, July 1980, pp. 253-
265.

W.F. Ray, PJ. Lawrenson, R.Mx. Davis, J.M.
Stephenson, N.N. Fulton, R.J. Blake, "High
Performance Switched Reluctance Brushless
Drives", IEEE Trans. Ind Appl. Soc, vol.
1A-22, July/ August 1986, No. 4, pp. 722-729.

M.R. Harris, J.W. Finch, J.A. Mallick, T.JE.
Miller, "A Review of the Integral Horsepower
Switched Reluctance Drive", IEEE Trans. Ind.
Appl. Soc., vol. IA-22, July/ August 1986, pp.
716-721.

AR.W. Broadway, "Cageless Induction
Machine", IEE Proc., vol. 118, no. 11,
November 1971, pp. 1593-1600.

Shekar C. Rao, "AC Synchronous Motor Hav-
ing an Axially Laminated Rotor" U.S. Patent
4,110,646, Aug. 29, 1978.

J.T. Bass, T.J.E. Miller, M Ehsani and R.L.
Steigerwald,"Development of a Unipolar Con-
verter for Variable Reluctance Motor Drives”,
in Conf. Rec. IEEE IAS Annual Meeting,
1985, pp. 1062-1068.

N.L. Schmitz and D.W. Novotny, "Introduc-
tory Electromechanics”, (book), Ronald
Press, New York, 1965.



