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Optimal Design of Switched Reluctance Motors
T. J. E. Miller, Fellow, IEEE

Abstract—The fundamental theory of the switched reluctance
motor is presented with a number of new equations. It is used to
show how the practical development of a design calculation should
proceed, and this leads to a discussion of physical characteristics
required to achieve satisfactory performance and to reduce
acoustic noise. The paper makes a few generic observations on the
characteristics of successful products that use switched reluctance
motors. It is written at a basic engineering level and makes no
attempt to apply sophisticated optimization theory.

Index Terms—Electric motors, switched reluctance motors.
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I. INTRODUCTION

T O A WISE engineer, “optimal design” means a compro-
mise between conflicting factors, often producing an im-

perfect result from optimistic aspirations. Who would use a title
such as “Compromises in the design of switched reluctance mo-
tors”?Optimalsounds better, particularly if used to describe the
production of silk purses from sows’ ears. While the switched
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Fig. 1. Simple reluctance machine with one phase and two poles on both the
stator and rotor.

reluctance motor is not the silk purse of electric machines tech-
nology, it fetches more in the market than sows’ ears and, there-
fore, it must be a compromise between these two extremes: in
other words, an optimal result arising from less-than-perfect
components.

The switched reluctance motor turns many of the tenets of
classical electric machines technology upside down. This pos-
sibly explains why it is popular with academics but rare in the
factory. Since the emergence of serious examples of switched re-
luctance drives in the 1970s, only a few practitioners have made
successful businesses with them, while a large number of re-
search papers have had little effect at the factory gates and some
of them make claims which are misleading or incorrect. The na-
ture of the switched reluctance motor is discussed in Section II,
particularly with a view to understanding its design characteris-
tics and how it compares with other common motor types.

Definition: A reluctance machineis one in which torque is
produced by the tendency of its moveable part to move to a
position where the inductance of the excited winding is max-
imized, [1], [2]. This definition covers bothswitchedandsyn-
chronousreluctance machines. The switched reluctance motor
has salient poles on both the rotor and the stator and operates
like a variable-reluctance stepper motor except that the phase
current is switched on and off when the rotor is at precise posi-
tions, which may vary with speed and torque. It is this switching
which gives the switched reluctance motor its name. This type
of motor cannot work without its electronic drive or controller.

A primitive example is shown in Fig. 1. This machine is de-
noted “2/2” because it has two stator poles and two rotor poles.
It has only one phase, comprising two coils wound on oppo-
site stator poles. These are excited simultaneously and generate
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TABLE I
SELECTED SWITCHED RELUCTANCE PRODUCTS[3]–[5], [7]–[9]

magnetic flux as shown. In the position shown, the resulting
torque tends to rotate the rotor in the counterclockwise direction
toward thealigned position, where the stator and rotor poles are
aligned. Torque can be produced over a limited arc of rotation,
roughly corresponding to the stator pole arc. This simple ma-
chine is the model on which the theory of torque production is
based, as in Sections III–V. Methods of starting and the exten-
sion to multiple poles and phases are considered in Section VI.
Section VII considers acoustic noise and its reduction.

II. CHARACTERISTICS OF THESWITCHED RELUCTANCE MOTOR

The switched reluctance motor is attractively simple in its me-
chanical construction and appearance, but it requires a controller
that is designed and tuned for each specific application and has
little in common with conventional ac drives. At first sight, it
appears that the balance between the cost of the motor and the
cost of the drive is shifted toward a less expensive motor and
a more expensive drive, but this does not obviously produce an
overall cost saving.

The enormous investment in tooling and infrastructure for in-
duction motors and ac drives puts the switched reluctance motor
at a disadvantage in many large sectors of the motor business.
Since the vast majority of induction motors are line-start motors
used without electronic drives, the switched reluctance motor
has no hope of competing with the induction motor in the bulk of
these applications. The infrastructure relates to the design, man-
ufacture, sale, commissioning, maintenance, and control, and in
adjustable-speed drives all these are heavily weighted in favor
of induction motors. By contrast, the switched reluctance motor
and its drive are specials for which very little tooling exists and

almost none of the infrastructure. This will limit its role to spe-
cial applications where the costs of development and support
can be absorbed in a larger project—for example, the develop-
ment of a completely new washing machine [3]. Although the
switched reluctance motor can serve important roles like this,
the underlying factors will not change in the foreseeable future
(see Table I).

Although the switched reluctance motor appears beguilingly
simple, it requires a small air gap and better concentricity than
an induction motor. To achieve comparable efficiency and
power density at full load, it may require more copper and/or
a higher winding temperature. For acceptable performance, it
requires an accurate shaft position feedback signal, implying
the need for a “servo-quality” encoder or resolver or, alterna-
tively, a sophisticated sensorless controller that will, in general,
be specific to one application.

The switched reluctance motor has no independent means of
excitation. In this respect, it differs from all permanent-magnet
machines and from dc or ac machines with separate field wind-
ings, such as the classical synchronous machine. The excitation
in the switched reluctance machine is in the voltamperes sup-
plied by the drive. It can be regarded as a component or fraction
of these voltamperes, the remainder being accounted for by real
power, which divides between the useful output and the losses.
In this respect, the switched reluctance motor is similar to the in-
duction motor. The fraction of the supplied volt-amperes which
is converted to useful output power (i.e., thepower factor) is
similar to that of the induction motor and, therefore, it cannot be
said that switched reluctance motors have a problem with exci-
tation, any more than induction motors do. It is not a particularly
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serious limitation: there are now very few motor drives where
separate field windings are employed solely for the purpose of
providing independent control of the excitation. One reason for
this is that electronic control of the drive is nowadays so cost
effective and so sophisticated that such properties as field weak-
ening are readily achieved over a wide speed range at constant
power without the need for an independently controlled field
winding.

The excitation requirement becomes burdensome in small
motors, not so much because of the voltampere requirement
per se, but because the losses associated with excitation
become disproportionately large as the motor size decreases.
Switched reluctance and induction motors behave similarly in
this regard and both are at a disadvantage compared with mo-
tors that use permanent-magnet excitation, which is essentially
lossless.

Larger switched reluctance and induction motors both have
high power factors and low excitation losses and, therefore, do
not need magnets. In any case, a large permanent-magnet rotor
is usually too costly above a certain power level—for example,
25 kW. In high-speed machines, the fixed excitation produced
by permanent magnets can produce a high no-load core loss,
whereas in switched reluctance and induction motors the flux
level can be controlled, even at no load. The only machines
which have truly independent means of excitation control are
those with field windings.

The provision of 100% of the excitation via the drive is also a
key factor in the short-term overload capability of the switched
reluctance motor, which can sometimes produce 5–10as
much torque as would otherwise be limited by its steady-state
thermal capacity. In general, this overload capability exceeds
that of permanent-magnet machines which are limited by the
risk of demagnetization of the magnets. Induction motors
also have limited overload capability. Coupled with the low
inertia of the switched reluctance motor, this extreme overload
capability is a somewhat unique characteristic which helps to
make it attractive in actuators that have high pulsed loads in
confined spaces, provided that the voltampere sizing of the
drive is affordable.

The switched reluctance motor is often claimed to have
higher efficiency than an induction motor but these claims often
pitch anoptimally designedswitched reluctance motor against
an off-the-shelf induction motor designed with completely
different objectives. In the literature, there is no comprehensive
analysis of the relative efficiencies of switched reluctance and
induction motors, but only a few anecdotal comparisons. One
cannot be too critical of this state of affairs, because the subject
is too complex for completely general conclusions. It can be
said that switched reluctance motorsshouldhave better effi-
ciency than comparable induction motors, since the rotor
losses are removed. However, this presupposes that the same
torque can be produced with no increase in stator losses or
other losses. Since the switched reluctance motor tends to have
a much lower magnetic loading and higher electric loading than
an induction motor, this is far from obvious. What is certainly
beneficial in the switched reluctance motor is that most of the
losses arise on the stator, which makes cooling easier.

Switched reluctance motors are inherently noise prone in the
sense that they have pulsed excitation and a mechanical struc-

ture that is more susceptible to resonance than that of most
“smooth-air-gap” machines. However, a sophisticated drive can
alleviate some of the acoustic noise by controlling the excitation
in such a way as to exploit the mechanical resonance and snub
out the noise to a greater or lesser degree. It has been demon-
strated that acceptable results can be achieved without compro-
mising the motor design or making it more expensive, even in
applications such as domestic washing machines and automo-
tive electric power steering, both of which require low noise
levels, [3]–[5].

Torque ripple is another frequently quoted problem with the
switched reluctance motor. Indeed, it can be said that it produces
torque by amplifying what is known as cogging torque—a para-
sitic “nuisance torque”—in other machines. At low speed it can
be “controlled out” by shaping the current waveform, but at high
speed the current regulator may become “saturated” and a cer-
tain amount of torque ripple develops. It must be pointed out
that similar phenomena occur in permanent-magnet motors and
induction motors driven from electronic inverters. If the current
waveform must be controlled to follow a sinusoidal function to
eliminate torque ripple in the induction motor, then it can hardly
be held against the switched reluctance motor that it too requires
current waveshaping for the same purpose. The current wave-
shapes themselves may be more complex to determine, since
they are not sinusoidal; but they are not necessarily more com-
plex toproduce.

The drive complexity in the switched reluctance motor drive
is about the same as in an induction motor drive. What is more
significant than thelevelof complexity, is the fact that the theory
and architecture of switched reluctance motor controllers are not
widely known. Moreover, there are very few established com-
mercial sources of drives for switched reluctance motors, or of
the components that go into them. Worldwide, only a handful
of engineers understand the art of designing these controllers at
an adequate level to make commercially viable products. As is
equally the case with field-oriented control of induction motors,
much of this art is beyond the scope of a review paper such as
this one, which can only set out a few basic principles.

From time to time, it has been claimed that since the torque
is independent of the direction of the current, the drive could
be arranged to use only one transistor per phase instead of the
two used in ac drives. However, the necessary reversal of the
phasevoltage(for commutation and in some cases for current
regulation) is much easier to achieve with two transistors per
phase than it is with only one. Although many circuit configu-
rations have been invented with one switch per phase, very few
(if any) are used in commercial service, because they require
auxiliary components, decrease efficiency, limit the control ca-
pability, and may even increase the number of winding connec-
tions.

In relation toaerospaceapplicationssuchasstarter/generators,
fuel pumps, and actuators, the switched reluctance motor has
been heralded as “fault tolerant” because of the apparently
benign consequences of faults, particularly the obvious ones
such as short circuits and open circuits occurring in the motor
or its leads or in the drive. The “fault-tolerant” claim is not
as disingenuous as it sounds, for who would stand up and say
that an aircraft electrical system based on switched reluctance
technology could not fail, or could survive all conceivable
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component failures? Certainly the risk of demagnetization of
magnets is not present, but the absence of magnets is not
sufficient to ensure that short-circuit faults within the machine
can be “tolerated.” It is unclear how short-circuit faults in
the load supplied by a switched reluctance generating system
can be cleared, since the output impedance of such a system
is that of a shunt capacitor rather than a series inductor and
has no inherent ability to sustain a fault current of sufficient
duration and magnitude to trip a standard overcurrent relay. This
implies that generating systems based on switched reluctance
machines will need a sophisticated system of “smart” protective
relays employing solid-state switches and entirely dependent
on electronic logic.

Examples: Table I listsa fewexamplesofswitched reluctance
motor products. These are among the best known: the list is
certainly incomplete and there may be other examples whose
existence is not publicly known. However, it must be said
that the list is extremely short compared to the kind of list
that could be generated for the induction motor or brushless
permanent-magnet motor, in spite of the extraordinary quantity
of published research on switched reluctance motors. One of the
interesting features of the list is the wide variety of applications,
which bears out the claimed flexibility of the switched reluctance
motor and tends to support the idea that its slow commercial
progress is due to lack of investment and tooling rather than
to any inherent technical limitation.

III. T ORQUEPRODUCTION

The theory of electromechanical energy conversion in the
switched reluctance machine can be expressed in a few short
equations as follows. The voltage equation for one phase is

(1)

where is the current, is the terminal voltage, is the resis-
tance and the back EMFis given by Faraday’s law as the rate
of change of flux linkage

(2)

At constant speed, this can be written

(3)

where is the angular velocity in radians per second. The re-
lationship between flux linkage and current is nonlinear because
of magnetic saturation and it obviously depends on the rotor po-
sition as a result of the fact that both the rotor and the stator have
salient poles. Assuming for the moment that there is no mutual
coupling between phases, we can write this as and this
function can be represented as a set of curves ofversus with

as a parameter; or as a set of curves ofversus with as a
parameter; see Fig. 2.

Most analyses of the switched reluctance motor proceed by
integrating ( ) with respect to time, step by step. At each
time step, the integration produces a new value of, and a new

Fig. 2. Magnetization curves, showing phase flux linkage as a function of
phase currenti, at different rotor positions� (U = unaligned;A = aligned).

value of must immediately be recovered from the magneto-
static data. This is a problem in interpolation and many
different methods have been put forward to solve it [6], [7]. As
the solution proceeds, the current waveform is developed from a
sequence of values and the terminal voltage is switched between
the supply voltage , 0, or depending on the states of the
power transistors in the drive. (Additional terms can be included
in (1) to represent voltage drops across the power transistors and
diodes and in the supply circuit; but they do not change the struc-
ture of the solution).

It is not difficult to set up a simulation of this type to calcu-
late the current waveform, provided that a good interpolation
procedure is used for the magnetization data and that
these data are accurate. As the calculation proceeds, the oper-
ating point ( ) traces out a closed loop corresponding to one
“stroke” or conduction interval in each phase (see Fig. 3). The
area enclosed by this loop is the energy converted from elec-
trical to mechanical (or vice-versa) and, therefore, the average
torque is given by

(4)

where is the number of strokes per revolution.is related to
the number of rotor poles and the number of phasesand,
in general,

(5)

This can be substituted in (4) to give the average torque in-
cluding all phases, provided that and are the same for
all of them.

Instantaneous Torque:The procedure described in the pre-
vious section is adequate to design efficient switched reluctance
motors for most variable-speed applications. In effect, it paral-
lels the design process used with other types of motor where it
has long been sufficient to base designs on the calculation of
average torque (over one revolution or cycle). However, the de-
mand for “servo-type” torque control, coupled with concerns
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Fig. 3. Current, torque, and flux-linkage waveforms with a naturally determined flat-topped current waveform (i = phase current;T = phase electromagnetic
torque;o = per-unit overlap between active stator and rotor poles; = phase flux linkage;W = energy conversion loop area;U = unaligned;A = aligned).

about torque ripple, makes it necessary in some cases to calcu-
late the instantaneous torque waveform.1

The instantaneous torque must be computed from a derivative
of coenergy or stored field energy , defined as follows:

(6)

Then, the instantaneous electromagnetic torque is given by

(7)

The flux linkage can also be evaluated from the coenergy
using

(8)

evaluated at constant. If (8) is substituted into (3), the back
EMF can be evaluated using

(9)

This suggests that the machine can be represented by a single
coenergy function whose derivatives can be used at
any point ( ) to determine the back EMFfrom (9), the flux
linkage from (8), and the electromagnetic torquefrom (7).
The solution proceeds at each time step by calculating

(10)

1In doubly excited machines, the instantaneous torque can usually be com-
puted from the productei after transforming the variables into a reference frame
in whiche andi are independent or “orthogonal,” as in the well-known field-ori-
ented control of induction motors. In dc machines,e andi are already orthogonal
by virtue of the action of the commutator and no transformation is necessary.
In the switched reluctance motor, however, no simple transformation exists that
will produce the required orthogonality. Physically, the problem is that at any
given rotor position it is impossible to know from terminal measurements of
v andi, where the instantaneous power is going. In particular, the partition of
the productei between field stored energy and electromechanical energy con-
version is not observable and, in fact, it is highly variable as a function of both
rotor position and current. By contrast, in a fully compensated dc motor the par-
tition is fixed and normally 100% ofei is accounted for by electromechanical
energy conversion.

using the current values of and . Once the new current is
calculated from (10), is reevaluated using (9) for the next time
step.

The coenergy function can, in principle, be com-
puted directly by the finite-element method using a global in-
tegration over the domain of the solution. A practical difficulty
with this approach is the determination of an interpolating func-
tion whose derivatives in (7)–(9) are sufficiently well behaved.
Also, it does not naturally provide data which can be compared
with measurements. Furthermore, if the function is computed
by two-dimensional finite elements, it is not clear how the re-
sult can be modified for end effects. For these reasons, it may be
better to construct the simulation as described in the next sec-
tion, with separate interpolating functions or tables for coenergy
(or torque) and current.

IV. SIMULATION PROCESSUSING SEPARATE INTERPOLATING

FUNCTIONS

A. Form and Properties of the Magnetization Curves

The magnetization curves (Fig. 2) may be calculated analyti-
cally or imported from measured data or finite-element calcula-
tions. Raw data, in the form of arrays of points of flux-linkage
versus current, may not necessarily fit on smooth curves, es-
pecially if the data are measured. This implies the need for a
curve-fitting process. Spurious errors in the raw data can be am-
plified by contortions of the interpolating functions, especially
in the instantaneous torque waveform. The curves may not all
extend up to the same maximum current or flux linkage. This
means that when the curves are fitted with piecewise sets of
polynomials, some extrapolation may be necessary so that the
coefficient arrays do not have undefined elements. The spacing

between curves should ideally be small in the neighborhood
of the “start-of-overlap” position where the rates of change of
back EMF, current, and torque are high. However, if a small
is used over the whole range from unaligned to aligned posi-
tions, the number of data points could become very large, re-
quiring an excessive amount of computation or measurement
time. In measuring the magnetization curves, it may be difficult
to hold the rotor at a fixed position, especially in the neighbor-
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Fig. 4. Mag curves in .psi format ofPC-SRD.

hood of the “start-of-overlap” position, because of shaft torsion
as the current increases. Therefore, a curve which is nominally
at one rotor position may actually cover a smallrangeof rotor
positions.

Each magnetization curve in Fig. 2 is modeled by a piece-
wise set of cubic splines, with a common base array of knot
points , where corresponds to the
aligned position and to the unaligned position (Fig. 4).
The knot points are evenly spaced by . The subscript in-
dicates that flux linkage is considered the independent vari-
able, which is convenient for the simulation algorithm but gives
rise to a practical difficulty: it is much easier in finite-element
analysis or physical measurement to maintain constantcurrent
rather than constant flux linkage. Therefore, arealignmentpro-
cedure is required to get the curves in the required form, where
all the points are on the same base array. The realignment in-
corporates a piecewise curve-fitting of the original constant-cur-
rent curves, followed by an interpolation process. Usually, the
original curves extend only up to a certain maximum current,
but the realigned curves must extend up to a common maximum
flux linkage , and this usually requires that some
of them be extrapolated up to ; see Fig. 4. The extrapolation
is unfortunately in a region of high saturation, even around the
unaligned position.

B. Simulation Process

The voltage equation of the phase winding is integrated step
by step with respect to time

(11)

where [ ] is the value of from the previous integration step
and is the integration step length.2The mechanical
equation of motion is integrated at the same time to give a new
rotor position . At each step, the currentmust be updated from
the new values of and . The procedure is as follows. First,
the interval in in which the current value lies is identi-
fied (Fig. 5). Since the curves all share the same base array,
this interval is the same for all the curves. Next, an array of
currents is calculated from the curves, all at the same flux
linkage . This calculation requires only a substitution ofand

in the local cubic spline function for each curve. These cur-
rents are marked with square markersin Fig. 5. A new spline
curve of versus is then created at the flux linkage. This
curve is shown in the right-hand graph in Fig. 5. The interval
in which the current value of lies is identified and then is
computed by substituting in the local spline formula for this
interval.

Instantaneous torque is computed from the rate of change of
stored field energy with respect to rotor position, at constant flux
linkage, (7). The process is almost identical to the one for de-
termining the current. Before the time-stepping simulation be-
gins, an array of stored field energies is created, represented by
a piecewise set of cubic splines corresponding point by point
with the phase-current splines in the left-hand graph in Fig. 5.
At each time step, a temporary local set of splines is created rep-
resenting versus at constant flux linkage, exactly as in the
right-hand graph of Fig. 5, but with replacing . Suppose the
local cubic spline for has the equation

(12)

then the torque is given simply by

(13)

C. Static Torque Curves

The static torque curves are important in switched reluctance
motors, as they are in stepper motors. They have the form shown
in Fig. 6. They can be calculated by stepping through a range of
currents and rotor positions and applying the torque calculation
process described above. It may be convenient to precalculate
the static torque curves together with a set of interpolating func-
tions before starting the time-stepping simulation, so that the
torque at each integration step could be found by interpolation
from the static torque curves, instead of using local differentia-
tion of the stored field energy.

V. OBTAINING THE MAGNETIZATION CURVES

A. By Calculation

The aligned magnetization curve can be calculated by a
straightforward lumped-parameter magnetic circuit analysis,
with an allowance for the stator-slot leakage which is especially
significant at high flux levels. The unaligned curve is more
difficult to calculate because of the complexity of the magnetic
flux paths in this position, but quite practical results are reported
by Miller and McGilp [7] using a dual-energy method based

2Note that this formulation of the integral is invalid at zero speed. At zero and
very low speeds the integral should be with respect to time rather than position.
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Fig. 5. Solution for currenti.

Fig. 6. Static torque curves showing electromagnetic torque versus rotor
position for a set of currentsi . . . i .

on a quadrilateral discretization of the slotted region. Earlier
work by Corda and Stephenson [8] also produces adequate
results for many practical or preliminary design calculations.
The computation should include the “partial linkage” effect,
meaning that at certain rotor positions the turns of each coil do
not all link the same flux. In a finite-element calculation this
implies that the fluxlinkageshould be calculated as the integral
of along the actual conductors, with the coil sides in the
finite-element mesh in their correct positions in the slot.

End effects are important in switched reluctance motors [9],
[10]. When the rotor is at or near the unaligned position, the
magnetic flux tends to “bulge out” in the axial direction. The
associated increase in the magnetic permeance can raise the un-
aligned inductance by 20%–30%. Since this inductance is
critical in the performance calculations, it is important to have a

reasonable estimate of it. Unfortunately, two-dimensional finite-
element analysis cannot help with this problem and three-di-
mensional finite-element calculations tend to be expensive and
slow. When the rotor is at or near the aligned position, the flux
is generally higher and the “bulging” of flux outside the core
depends on the flux level in the laminations near the ends of
the stack. At or near the aligned position at high flux levels, the
stator and rotor poles can be highly saturated and the external
flux paths at the ends of the machine can increase the overall
flux linkage by a few percent.

In spite of the complexity of the field problem, good results
have been obtained with relatively simple end-effect factors for

. For example, thePC-SRDcomputer program [11] splits the
end-effect calculation into two parts. For ,

(14)

where represents the self-inductance of
the end windings (including any extension), expressed as a frac-
tion of the uncorrected two-dimensional unaligned inductance

. is the inductance of a circular coil whose circumfer-
ence is equal to the total end-turn length of one pole coil, in-
cluding both ends. It is multiplied by the appropriate function
of turns/pole and parallel paths before being normalized to.

is a factor that accounts for theaxial fringing in the end re-
gion. It is calculated by the approximation

(15)

where is the rotor slot depth; this formula is derived by
analogy with the fringing formula for two opposite teeth or
poles. For the aligned position, the procedure is similar, with
the air-gap length instead of .
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Fig. 7. Finite-element flux plot at a position intermediate between aligned and
unaligned.

Although end effects are important in calculating the perfor-
mance, it is still valid and indeed desirable to rely on two-dimen-
sional finite-element analysis to optimize the shape of the stator
and rotor laminations. Thus, if the lamination shapes are ad-
justed to optimize the torque per ampere on the basis of two-di-
mensional finite-element analysis, it would not be expected that
the addition of end effects would give rise to the need to change
these shapes.

At positions intermediate between the aligned and unaligned
positions, the calculation of individual magnetization curves
is not practical by analytical methods and the finite-element
method should be used. Fig. 1 shows a simple example of a
finite-element flux plot at a position of partial overlap and
Fig. 7 a more complex example. Considerable success has
been achieved with interpolating procedures for magnetiza-
tion curves at intermediate positions, especially in computer
programs for rapid design [7], [11], [12].

B. By Measurement

Direct measurement of the magnetization curves is described
in [1] and [2]. It is also possible to determine them from the static
torque curves, provided that at least one magnetization curve is
already known (preferably, the unaligned curve).

C. Summary

In the previous three sections, we have seen that the elegance
and brevity of the theoretical equations belie the practical diffi-
culty of solving them in a manner which makes it easy to design
and control a switched reluctance motor. For design purposes,
a computer simulation is asine qua nonbecause the operation
is a series of transients in a highly nonlinear magnetic system,
with no discernible steady state that can be expressed by simple
algebraic formulas of the type familiar with classical dc and ac
machines. The main difficulties in the simulation are in interpo-
lation and in the provision of accurate magnetization curves.

In relation to the control, a “series of nonlinear transients”
provides no obvious architecture on which a control strategy can
be based. Although the general notion of nested control loops for
torque (or current) and speed still applies, the feedforward rela-

Fig. 8. Three-phase switched reluctance motor with six stator poles and four
rotor poles.

tionship between current and torque is nonlinear in both current
and rotor position; and if more than one phase is simultaneously
excited, additional questions of torque sharing between phases
may need to be resolved. In this paper, the focus is on the solu-
tion of the equations for purposes of designing the motor. The
question of control is dealt with in more detail elsewhere [13].

VI. NUMBERS OFPOLES AND PHASES

The motor in Fig. 1 is useful for developing the analysis of
torque production, and although it can maintain a nonzero av-
erage torque when rotating in either direction, this torque is
pulsed and discontinuous, which means that continuous rota-
tion depends on the momentum or flywheel effect of the ro-
tating inertia (of motor load). Moreover it can self-start only
from a limited range of rotor positions. At the unaligned and
aligned positions, the torque is zero. Unidirectional torque can
be produced only over a limited angle where the overlap angle

between the rotor and stator poles is varying. To provide con-
tinuous unidirectional torque, with self-starting capability from
any rotor position, the motor is generally provided with addi-
tionalphaseswhich leads to a “multiplicity” of stator and rotor
poles, as in Fig. 8.

The motor in Fig. 8 has and , so from (5)
the number of strokes per revolution is . The stroke
angleis . The three phases are labeled ,

, and , and the ideal current/torque pulses are shown in
Fig. 9. The resultant torque is ideally constant and covers 360
of rotation. In practice, the torque waveform may be far from
the ideal, because of current-regulator saturation at high speed
and the finite time required to commutate the phase currents.

A. Magnetic Frequency

The fundamental frequency of the current in each phase is
evidently equal to the rotor pole passing frequency, i.e.,

r/min
Hz (16)
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Fig. 9. Idealized torque production in three-phase switched reluctance motor.

The number of strokes per second is given by

Hz (17)

This frequency and all its harmonics appear in the flux wave-
forms in various parts of the magnetic circuit. Equation (16) says
that the fundamental magnetic frequency is twice as high as in
a synchronous ac motor with the same number of rotor poles.
The speed of rotation is even less simply related to the number
of stator poles, since there are generally at least two possible
choices of for each value of and further possibilities arise
with multiple stator teeth per pole, [14]. The switched reluctance
machine is usually classified as avernier machine because its
rotational speed is only a fraction of the fundamental electrical
frequency.

The flux waveforms in switched reluctance motors are not
only at a higher fundamental frequency, but they carry a higher
harmonic content than in ac motors and the flux waveforms may
be very different in different parts of the magnetic circuit. Al-
though this suggests that the core losses will be higher than in
comparable ac motors, in practice, this is not the case because
switched reluctance motors are usually designed with a signifi-
cantly lower magnetic loading (average flux density around the
air gap) and higher electric loading. Moreover, the volume of
iron is relatively smaller in the switched reluctance motor and
both these factors tend to offset the effects of the higher mag-
netic frequency.

B. Stator/Rotor Pole Numbers

In a regular switched reluctance motor, the rotor and stator
poles are symmetrical about their center lines and equally
spaced. Regular motors usually have the best overall per-
formance and the most sophisticated drive electronics; and
usually 3 or 4 phases. Machines with 1 or 2 are
usually irregular and are designed for specialty applications
with limited control requirements. A review of these is given in
[2]. There are too many variants to cover in this paper.

Theabsolute torque zone is defined as the angle through
which one phase can produce nonzero torque in one direction. In
a regular motor with rotor poles, the maximum torque zone
is . The effective torque zone is the angle
through which one phase can produceusefultorque comparable
to the rated torque. The effective torque zone is comparable to

the lesser pole arc of two overlapping poles. For example, in
Fig. 8 the effective torque zone is equal to the stator pole arc:

. Thestroke angle is given by . Theabso-
lute overlapratio is defined as the ratio of the absolute torque
zone to the stroke angle: evidently, this is equal to/2. A value
of at least 1 is necessary if theregular motor is to be capable
of producing torque at all rotor positions. In practice a value of
1 is not sufficient, because one phase can never provide rated
torque throughout the absolute torque zone in both directions.
Theeffective overlap ratio is defined as the ratio of the ef-
fective torque zone to the stroke angle, . For regular
motors with , this is approximately equal to . For
example, in Fig. 8 the effective overlap ratio is .
Note that . A value of of at least 1 is necessary to
achieve good starting torque from all rotor positions with only
one phase conducting and it is also a necessary (but not suffi-
cient) condition for avoiding torque dips. Unfortunately, the ef-
fective overlap ratio decreases as the current increases, because
saturation narrows the effective torque zone; see Fig. 6.

C. Three-Phase Regular Motors

With , , and can have values of 1 or more,
soregularthree-phase motors can be made for four-quadrant op-
eration. In the 6/4 motor in Fig. 8, forward rotation corresponds
to negative phase sequence. This is characteristic of motors in
which the rotor pole pitch is less than . The three-phase 6/4
motor has strokes/revolution, with ,
giving .

With regular vernier motors there is always the choice of
having either , as in the 6/4; or , which
gives the 6/8 motor shown in Fig. 10; it has strokes/rev-
olution and and is similar to Konecny’s motor used in
the Hewlett-Packard Draftmaster plotter [15]. Increasingre-
duces torque ripple, but the aligned/unaligned inductance ratio
is reduced with the larger number of poles and this may increase
the controller voltamperes and decrease the specific output. The
core losses may be higher than those of the 6/4 motor because
of the higher switching frequency.

The 12/8 three-phase motor is effectively a 6/4 with a “mul-
tiplicity” of two. It has strokes/revolution, with a stroke
angle and . In Fig. 11, ,
the same as for the 6/4 motor. A high inductance ratio can be
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Fig. 10. Three-phase switched reluctance motor with six stator poles and eight
rotor poles.

maintained and the end windings are short: this minimizes the
copper losses, shortens the frame, and decreases the unaligned
inductance. Moreover, the magnetic field in this machine has
short flux paths because of its four-pole magnetic field config-
uration, unlike the two-pole configuration in the 6/4 (or the 8/6;
see below) and the four-pole magnetic circuit helps to minimize
acoustic noise. Although the slot area and, therefore, the slot
ampere conductors are reduced, the effects of long flux paths
through the stator yoke are alleviated. The 12/8 is possibly the
most popular configuration for three-phase machines.

D. Four-Phase Regular Motors

The four-phase regular 8/6 motor in Fig. 12 has 24
strokes/revolution and a stroke angle of 15, giving .
With , , which is sufficient to ensure
starting torque from any rotor position and it implies that there
will be no problem with torque dips. However, it is generally
impossible to achieve the same flux-density waveform in every
section of the stator yoke, because of the polarities of the stator
poles (NNNNSSSS, NNSSNNSS, or NSNSNSNS). This con-
figuration was one of the first to be produced commercially.3

With , strokes/revolution and
. The inductance ratio is inevitably lower than in

the 8/6 and the poles are narrower, while the clearance between
pole corners in the unaligned position is smaller, increasing the
unaligned inductance. This motor is probably on the borderline
where these effects cancel each other out; with higher pole num-
bers, the loss of inductance ratio and energy-conversion area
tends to dominate the gain in the number of strokes/revolution.
For this reason, higher pole numbers are not considered here.

Table II gives some examples of stator/rotor pole number
combinations for motors with up to phases. The param-
eter is the number of working pole-pairs: that is, the
number of pole pairs in the basic magnetic circuit. For example,
the four-phase 8/6 has (a two-pole flux pattern),

3The OULTON motor introduced in 1983 by Tasc Drives Ltd., Lowestoft,
U.K.

Fig. 11. Three-phase switched reluctance motor with 12 stator poles and eight
rotor poles.

Fig. 12. Four-phase switched reluctance motor with eight stator poles and six
rotor poles.

while the three-phase 12/8 has (a four-pole flux
pattern). The unshaded boxes in Table II are probably the best
choices, the others having too many poles to achieve a satisfac-
tory inductance ratio, or too high a magnetic frequency.

VII. A COUSTICNOISE

Three interesting and contrasting accounts of the develop-
ment of low-noise switched reluctance motors can be found in
[3]–[5]. These publications describe switched reluctance motor
drive systems developed for factory production, not merely lab-
oratory machines built for scientific analysis.

To minimize noise, it is advisable to avoid high power den-
sity. In particular, the magnetic loading (average air-gap flux
density) should be limited, if necessary at the expense of an
increase in the electric loading. It is better to use a pole com-
bination with more than one pair of working poles, i.e., with a
“multiplicity” greater than 1. For example, a 12/8 machine ought
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TABLE II
EXAMPLES OF VALID STATOR/ROTOR POLE NUMBER COMBINATIONS

to be less noisy than an 8/6 machine. This is because the com-
pliance of the stator core is much less for multipolar excitation
than for two-pole “ovalizing”, [16]. The stator yoke should be
as thick as possible to minimize deflection. Even a small deflec-
tion may suffice to cause objectionable acoustic noise. The lam-
ination steel should be truly anisotropic with no trace of grain
orientation. It may help in this regard to rotate successive lami-
nations by one stator pole pitch as they are stacked. A relatively
low-permeability lamination steel may also help to reduce noise
level, as does a larger air gap, although both features reduce the
inductance ratio. The rotor and stator poles should be wide to
reduce the peak flux densities and increase the mechanical stiff-
ness. The rotor poles should generally be slightly wider than
the stator poles. A slight taper on the rotor and stator poles also
has a beneficial effect, as does a fillet radius at pole-root cor-
ners on the stator and the rotor (where the pole joins the yoke).
The edges of the poles can be tapered or shaped slightly to re-
duce the harmonic content in the instantaneous torque wave-
form. Notches and holes should be avoided in the laminations.
If possible, the laminations should be truly symmetric. It is pos-
sible with some production methods to get angular errors in the
pole locations: for example, in a six-pole stator two poles might
not be exactly opposite, and this will cause unbalance that could
contribute to noise. A large shaft diameter is also desirable to
help increase the lateral and torsional stiffnesses. The rotor slot
depth may need to be made shallower to permit a larger shaft

to be accommodated without diminishing the rotor yoke thick-
ness. When the rotor slot depth is reduced, the unaligned in-
ductance increases, but it may be worth losing a little on the
inductance ratio to get a stiff shaft. The rotor can be encapsu-
lated to reduce windage noise. Obviously, this must be done in
such a way as to support the potting material against centrifugal
loads at high speed. The bearings should be located as close as
possible to the rotor stack. The end brackets carrying the bear-
ings may sometimes protrude under the end windings to get the
bearings close in. The end brackets must be rigidly attached to
the frame. A tapered flange or spigot helps this. Sleeve bearings
are thought to be unsuitable, although opinions differ on this
point, but whatever bearings are used they should maintain the
best possible concentricity between the rotor and stator. There
should be enough end float to allow centering in the axial di-
rection, but not too much, and one bearing should be spring
loaded (use a wavy washer). A small amount of skew may be
used on the rotor (or stator). Use an unfinned frame, prefer-
ably aluminum (thin rolled steel may resonate and adds little
radial stiffness). If possible, mount the machine on flexible an-
tivibration mountings and use a flexible rubber-bush-type cou-
pling to the load. Clamp up the lamination stacks if possible,
under pressure. An alternative is to impregnate it with varnish
(after winding), preferably by vacuum impregnation. Use non-
metallic slot wedges (top sticks) to close the stator slots after
winding and double-thickness slot liners. This adds rigidity and
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damping to the stator. Wind the coils as tightly as possible and,
if possible, encapsulate the stator windings. Tie the end wind-
ings with cord before varnishing.

Electrical and magnetic balance is desirable between the
coils of each phase; this includes both resistance and induc-
tance and therefore includes leads and internal connections
between coils. If possible, use parallel connection of pole
coils, not series. This compensates for air-gap inconsistencies
by allowing greater current through the poles with the larger
gap. Use the highest number of turns consistent with achieving
the required torque/speed curve at the available voltage. This
reduces the speed at which the control can switch over to
single-pulse operation with phase-angle control; this is quieter
than low-speed chopping.

The noise “problem” is not simply a motor problem, because
many aspects of it concern the drive, and the drive can be
used to reduce the noise level. Voltage pulsewidth modulation
(PWM) in the drive is known to produce lower noise than
hysteresis-band current regulation. With voltage PWM, it may
also help to dither the duty cycle and/or the frequency. Even
lower noise can be achieved with a variable-voltage dc source,
such that the phase transistors are used only for commutation
and controlling the firing angles. The current should be chopped
with only one transistor, not both (“soft chopping”). The firing
angles should be adjusted on test to give the quietest operation
at a given load. Even small changes make a marked difference.
There may be a tradeoff with efficiency. Current profiling
may help, but requires extensive analysis and experimentation
and may be complicated. Use the highest possible chopping
frequency to minimize ripple current and, if possible, set the
chopping frequency above the human audible range (typically,
>15–20 kHz).

VIII. C ONCLUSION

As with most engineered products, the “optimal” design of
switched reluctance motors is a matter of compromise involving
many parameters. The switched reluctance motor is now mature
enough to have proved itself in the marketplace in a few different
applications. The number and range of these applications remain
small compared with those of induction motors or even brush-
less permanent-magnet motors, but it can be argued that this is
partly a consequence of the level of investment and tooling in
these technologies, rather than a result of inherent technical defi-
ciencies in the switched reluctance motor itself. Even its widely
criticized “noise problem” has not prevented successful com-
mercial applications.

There is, however, a technical impediment to the development
of switched reluctance motors in the unfamiliarity of the neces-
sary design procedures, not only for the motor but also for the
control. It is self-evident that the technology of induction motor
drives, for example, while no less sophisticated than that of the
switched reluctance motor drive, is much better established and
more widely accepted and is supported by a vast infrastructure
of component supplies and all the other factors which go into
successful businesses. This paper shows that the mathematical

design theory of the switched reluctance motor is simple on
paper but difficult to implement in practice, requiring computer
methods for even the simplest design calculations. Moreover,
the mathematical theory does not suggest a natural architecture
for the innermost feedforward control (the relationship between
torque and current, the choice of firing angles and the criteria
for controlling the sharing of torque between phases).

During the last 30 years, in parallel with the attempt to bring
the switched reluctance motor into widespread commercial pro-
duction, great strides have been made in competing technolo-
gies. We have seen spectacular developments in the properties
and commercial supply of permanent magnet materials; many
detailed improvements in induction motors; and huge strides in
the size, reliability, cost, and performance of ac drives. All these
set the switched reluctance motor even further behind, making
it likely that future successful applications will follow the pat-
tern of those already established: in other words, a highly engi-
neered specialty drive whose development cost must be borne
by the application and whose unique features render it the best
choice. If you have got one of these, go for it!

What is necessary to develop a successful switched reluctance
motor drive is a combination of intensive computation including
electromagnetic, mechanical, and electronic design, then, a sig-
nificant phase of laboratory testing and, finally, a suitable in-
vestment in tooling. The controller will be specific for each ap-
plication. The process requires the abandonment of traditional
thinking about sinewaves, space vectors, field orientation, and
so on; instead, one must work with computed numerical data
whose structure is not easily discernible. The level of accept-
ability in the market also remains an issue, although the suc-
cessful pioneering applications show how this can be overcome.
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