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ABSTRACT

This paper presents a design procedure for switched
variable reluctance motors Wwith low torque ripple
content. A five phase configuration with high overlap
ratio is proposed to minimize torgue pulsations. The
proposed scheme integrated with a special inverter
are suitable for low power variable  speed
applications. A prototype system has, already been
built and experimentally investigated. Its merits and
demerits are highlighted.

1. INTRODUCTION

The concept of Switched Reluctance SR motor is more
than 150 years old and in fact the first electrical
motor or electromagnetic engine, as wWas called, of
the 1830's was a reluctance motor [15]. Due to - its
early days poor characteristics, 1t gave way to - its
competitor, the induction motor. The motor could not
realize. its full potential until the modern era of
power electronics and computer aided design
techniques.

SR motors have been developed for electric propulsion
[2,3], fan, pump, home appliances [11] and even for
servo and robotic applications ([10]. The operating
principles of SR motors have been established in
literature ([41. It consists of a doubly salient

structure of steel laminations. Diametrically
opposite stator poles carry simple concentrated coils
connected, generally, 1in series. . There are no
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windings of any kind on the rotor. Torque is produced
by the attraction of rotor poles into alignment with
appropriate group of stator poles constituting an
.excited phase according to a signal from a .shaft
encoder. It is different from conventional reluctance
machines, which have distributed three-phase windings
on the stator and energised from sinusoidal supplies.
SR motors offer a number of potential advantages
which mainly originate from simplicity of both the
motor structure and the driver configuration.

In spite of the growing interest of SR machine, it
still has urgent problems need to be dealt with
beforé being fully accepted. Torque pulsations is one
of these problems. Torque pulsations are dependent on
various interrelated factors among them number of
phases, number of poles, pole geometric dimensions,
operating speed and converter control parameters.
There are serious attempts to overcome this problem
by generating a pre-tailored current waveforms[14].
It might be better to analyze the problem on the
basis of its origin, 'the motor design itself. SR
motor, to some extent, is a variable reluctance
stepping machine with number of torque pulses per
revolution given by:

'NS NI
N, - N,

(1)

and this number equals only 12 pulses for 3-phase
motor with 6/4 poles and equals 24 pulses for- 4-phase
one with 8/6 poles. In an attempt to develop a SR
drive system with higher number of torque pulsges’' per
revolutions and consequently lower torque ripple
content a forty pulse, 5-phase SR motor with 10/8
pole configuration is presented here. This paper is
devoted, mainly, to motor design and performance and
another accompanying one, [Part 2], - for - power
converter and switching control. o ’

2. DESIGN PROCEDURE:

At the design stage, data could be known are motor
power rating, full load speed, magnetic
characteristics of core material and some parameters
of the intended electronic commutator. Starting from
these data, a certain formula is required to obtain
basic core dimensions. One such formula is developed

in [81. It is closely similar to those of
conventional ac machines, '
Pd=n'k ‘kllkz'BlAmlDzlL‘N (2)

= 122 -



®
Iy = (3)
P 1
k=1 o.A, (4)
L‘a Lu
= P A, = a (5)
LY, "= 7L,

Until today. SR motor is still in its infant age.
There is no well established guide lines for choosing
certain parameters like bore diameter to axial length
ratio and specific electric and magnetic loadings. It
might be wuseful to start "these values with those
applied to similar conventional ac machines and check
the result against essential specifications required
for SR motor.

SELECTION OF DIMENSIONS

(1] DIAMETER AND LENGTH

From equation (2), with the stack length defined as a
function of bore diameter, D 1is evaluated if rated
speed, B, Aap. kz and Ka are known. It is possible to
atart the iterative process of design with reasonable
values extracted from experimental experience. At the
rated operating point the range of k= is given in (8]

0.65 < k, < 0.75 (6)

For effective use of magnetic circuit the value of B
for the aligned position can be taken close to
maximum allowable value for the core material and
saturation in critical sections could be checked
later. ‘

Using the above starting values, Dbore diameter and
axial length could be obtained. The air gap 1is
determined by the machining tolerance and assembly
techniques. ©Small machines have air gaps of about
0.25 mm.

[I1] POLE NUMBERS AND ARCS
The choice of N. and N,- has a significant

implications on the instantaneous and average torque.
Their choice should satisfy certain essential design
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requirements. Basic guidelines have been established
[4], Dbut there 1is an important point need to be
highlighted here. :
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Y

Figure(l) Unsaturated inductance profiles for two
adjacent phases.

The step angle of variable reluctance motor is given
by,

2% (N,-N,)

t =
NN,

(7)

To minimize torque ripple content on the motcr shaft,
there must be an adequate overlap angle between
positive sloped L(8) wvariations of adjacent phases.
With the aid of figure (1), 1if kL is defined as the
ratio of inductance overlap of two adjacent phases to
the angle over which the inductance is changing., then

Ba— t

k= =%,

(8)

Defining stator pole arc as a ratio, ks, of stator
pole pitch,

I ‘
= /Ny (%)
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From equations (7),(8) and (9), kL can be rewritten
as follows, -

N, - N,

kL - 1 ) kl'NI

(10)

It has been shown [9] that a typical value of ks
would be between 0.35 and 0.5. Table (1) shows the
variation of kL for different phase numbers. The
table shows also how kL varies over the recommended
range of Kks.

No. of kL I
phases Na/N,
q ks=0.5 ks=0.35
3 6/4 . 0.00 -0.42
4 8/6 0.33 0.05
5 10/8 0.50 0.29
6 12/10 0.60 0.43
7 14/12 0.67 ) 0.52

Table (1) Variation of inductance overlap ratio for
different number of poles.

It is clear that inductance overlap ratio is highly
sensitive to both number of phases and ratio ks. For
practical SR machine it is preferred to minimize
stator pole width for two reascns. The first, to be
able to accommodate the winding with a reasonable
stator pole, height. The second, to improve
ventilation and allowing enough room for good
insulation specially at high voltages. From this
argument, it is concluded that increasing number of
phases would improve inductance overlap ratio and
consequently the torque vripple content would be
reduced. The penalty to be paid for the proposed
scheme is its . need for an inverter with more
switching elements. A new- inverter with minimum
number of switches has been developed feor these
category of SR motors [Part 2 of this paper].

[III] NUMBER OF TURNS PER PHASE AND POLE HEIGHTS

Number .of turns per phase is calculated, for a given
current, from specific electric loading defined as,

27 ,.I:m : ,
Aﬂ>= ——E%TT—_ ‘ | (11)
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The conductor size 1is chosen such that current
density is kept within maximum permissible value. If
there is no restriction on the motor outside diameter
the winding space can be calculated from the number
of turns, the conductor cross—-section area, and the
insulation thickness. The height of the stator pole
is then derived from the winding space.

The constraint on rotor pole height 1is to minimize
phase inductance at unaligned positions. It is found,
[13], that the air gap permeance 1is nearly constant
for

L

- 2'°i“(1-¢z)§ | (12)

3. PREDICTION OF INSTANTANEOUS TORQUE:

Torque is developed by the tendency for the magnetic
circuit to adopt a configuration of minimum
reluctance. The general equation governing the flow
of stator current for one phase may be written as:

V(8) = R.i(t) + _41%_11 | (13)

This equation can be expressed in the following
alternative form; '

di _ ___1 [V(e) - R.i(t) - 02418 1) ]

dt (6,1) 08 (14)

o1

To predict the phase current under steady  state
conditions, and consequently the machine performance,
equation(14) need to be integrated for the
appropriate switching conditions. The problem is how
to formulate the flux linkage characteristics . in an
accurate way to implement it in the right hand side

of equation(14). Various approaches are established
in literature(1,2,12]. One simple method which 1is
based only on the aligned and unaligned flux linkage
datall2]. and defines the flux linkage
characteristics as;

¥(8,1) = L,.1+ "‘(‘”2 Lur2 11 - cos(N,8)] (15)

The developed torque for each phase at certain rotor
position is given by;

7(8, 1) = = 12(8) ZEL) | | (16)
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And the total torque produced by all phases at any
rotor position is given by the sum of their
individual torques: \

T, = $T,(0,1) (17)

n=1

4. PROTOTYPE DESIGN IMPLEMENTATION:

The design procedure described in section(3) has been
implemented in a computer design package to obtain
the detailed dimensions. The package also predicts
the machine performance at design stage to be able to
alter and modify the dimensions. The aligned and
unaligned flux linkage data are obtained by the
method described in[3]. These data are substituted in
equation(15) to define the flux linkage at any rotor
position and various excitation levels. Equation(14)
is numerically integrated to obtain phase current
pulse. The torque developed by each phase is obtained
from equation(16) and the total instantaneous torque
is calculated, as the positional sum of individual
torque of each phase, from equation(1l7).

Figure(2) Cross—section of motor magnetic core.
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A hundred-watt, five~phase laboratory prototype
switched reluctance motor is designed. and already
built, with the procedure described here. A cross-
gsection of its steel laminated core is shown, to
scale, in figure(2). The detailed dimensions are
given in table(2).

Number of stator poles 10 I
Number of rotor poles 8
Number of phases 5

f Bore diameter 50 mm
Air gap length 0.25 mm
Core axial length 354 mm
Stator pole arc l 0.31 rad
Rotor pole arc 0.39 rad
Stator pole height 11 mm
Rotor pole hight 10 mm
Outer diameter 93 mm

| Shaft diameter |10 mm
Number of turns/phase 320
Conductor diameter 0.5 mm
Motor power (Design 100 watts
value)
Phase current amplitude 3 amp
DC voltage 60/30
(series/parallel) volts

Table(2) Summary of motor dimensions.

5. PREDICTED AND EXPERIMENTAL RESULTS:

The difficulty of experimental measuring of motor
instantaneous torque is well known. On the other hand
this torque is highly dependent on the rotor inertia.
With no standard figures of this new family of
electrical machines it would be useful to investigate
the internal developed torque - from the energy
conversion process. Any improvement of the waveforms
of this developed torque is directly reflected on the
shaft output torque. In the present study the phase
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torque pulses are obtained with the procedure
described in section(3). These pulses are added to
each other to obtain the total internal developed
.torqgque.

Figure(3) shows the predicted current—fluxlinkage
loop with and without chopping. The inner loop is
obtained at 1600 rpm and at this speed is high enough
to induce a suffient back emf to maintain the current
pulse without chopping. The outer loop is obtained at
600 rpm for which phase current tends to increase and
has to be limited by chopping. Both aligned and
unaligned fluxlinkage characteristics are shown on
the same figure.

Figure(4) shows the predicted torque pulses for the
five phases along one rotor pole pitch. The figure
also shows the total internal torque which is the sum
of the phase torque pulses. In figure(3) the internal
developed torque is predicted at different speeds for
the same switching conditions except that at 500 rpm
current chopping becomes active. It is observed that
at high speeds, without current chopping. the
developed torque is approximately constant. Under
chopping. the torque pulses become more flat—topped
and torque variation becomes noticeable. Since
current chopping is essiential at low speeds to limit
the amplitude of phase currents, the straight forward
solution is to increase the number of torque pulses
such that the rotor inertia would be sufficient to
smooth the resultant output torque on the motor
shaft. The five phase configuration is proposed here
to increase the frequency of the internal developed
torgque to forty pulse per revolution which is quite
sufficient to overcome the problem.

Experimental tests are carried at both running and
rest conditions to investigate the loading capability
of the designed motor. Torque—speed characteristics
are recorded using digital optical tachometer for
measuring the speed and frictional brake for the
torque measurement. These characteristics are mainly
dependent on the power converter  switching
parameters. The curve shown on figure(6) is recorded
for current pulses of 0.8B, angle duration and turn-—
on points exactly at the unaligned axis for each
phase. The current level is also maintained constant
by chopping at 3 amps which is the current rating of
motor windings. The chopping process becomes
active for speeds approximately below 600 rpm and
this is observed on the torque-speed curve where the
torque tends to be maintained constant while phase
current pulses approache the rectangular shapes.
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The static torque test is recorded for different
excitation levels 'on~’ figure(6). Generally, these
characteristics match™ ' those known for wvariabkle
reluctance stepping mac¢hines, but with slight flat-
‘topped periods. This distortion is due to manual
assembly of the motor which resulted in phase winding
coils with a relatively large cross sections with
good chances to increase the leakage flux specially
at aligned positions. With more sophisticated
assembly techniques it is possible to improve these
characteristics which will also reflect on the motor
running performance.

6. CONCLUSION

This paper provides a simple design procedure for
switched wvariable reluctance  motor with low torque
ripple content. The use of high number of phases
combined with the proper choice of poles geometric
dimensions. are proposed to increase both the number
and overlap angle of successive torque pulses. The
proposed scheme integrated with a special electronic
converter constitute a high performance variable
speed drive system. A low power protctype 1is
extensively tested, but it is equally possible for
higher power ratings.
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Figure(3) Predicted current-flux linkage loops‘at
different speeds.
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Figure(5) Predicted instantaneous internal torque at
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Figure(6) Experimental torque-speed for turn-on angle
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Figure(7) Experimental static tdrque for different
excitation currents. ‘
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7. LIST OF SYMBOLS
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Specific electric loading.

Air gar flux density at aligned position.
Stator bore diameter. ‘
Instantaneous phase current.

Current pulse amplitude of phase winding.
Duty cycle ratio.

Inductance overlap ratio.

Ratio of stator pole arc to pole pitch.
Rotor core axial length.

Aligned saturated inductance.

Aligned unsaturated inductance.

Unaligned inductance.

Rotor pole height.

Phase inductance as a function of rotor
position. ‘

Number of phases conducting simultaneously.
Motor speed rpm ‘

Number of stator poles.

Number of rotor poles.

Rated power of SR drive.

Number of phases.

Phase winding resistance.

Number of torque pulses (steps) per revolution.
Step angle.

Phase torque.

Number of turns per phase.

DC. voltage.

Stator pole arc in rad.

Rotqgr pole arc in rad.

Ratio of saturated to wunsaturated inductances
aligned position.

Ratio of unsaturated aligned to unaligned
inductances.

Over all SR drive efficiency.

Rotor position angle.

Rotor angular speed.

"Rotor pole pitch.

Flux linkage.
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