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[57] ABSTRACT

Apparatus and method for detecting rotor (12) position
in a switched reluctance motor (18) having multiple
stator phases (A—A’, B—B’, and C—C'). A multiplexer
(48) intermittently connects a known resistor (54) to a
non-conducting stator phase. Circuitry (62 and 68) de-
tects the amplitude of the current passing through the
resistor (54) and the phase difference between the vary-
ing voltage and the current passing through resistor
(54). The resulting signal is proportional to the position
of rotor (12).

28 Claims, 4 Drawing Sheets
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METHOD AND APPARATUS FOR SENSING THE
ROTOR POSITION OF A SWITCHED
RELUCTANCE MOTOR WITHOUT A SHAFT
POSITION SENSOR

TECHNICAL FIELD OF THE INVENTION

This invention relates to variable speed motor drives,
and more particularly relates to a method and system
for determining the rotor position of a switched reluc-
tance motor.

BACKGROUND OF THE INVENTION

The switched reluctance (SR) motor has become
widely used for its high efficiency and flexible control
characteristics. The SR motor does not require perma-
nent magnets and produces torque by the variable reluc-
tance principle. In operation of the SR motor, it is nec-
essary to synchronize phase excitation pulses to the
position of the rotor. The rotor position information is
thus necessary to determine the switching instants for
proper control of speed, torque, and torque pulsations.

Previously, shaft position transducers have been com-
monly employed to determine the rotor position in SR
motors. Such transducers have included a magnetized
ring along with Hall effect sensors or of opto-interrupt-
ers with a slotted disk that produces pulses at particular
intervals. Such position sensors, however, are relatively
expensive and may tend to reduce the system reliability
due to electromagnetic interference and temperature
effects. :

An indirect method of rotor position sensing is de-
scribed in Macminn et al., “Application of the Sensor
Integration Techniques to the Switched Reluctance
Motor Drive,” IEEE Industry Applications Confer-
ence Record 1988, pp. 584-588. In this technique, short
duration, low level voltage pulses derived from the
commutating signals are applied to the two unenergized
phases of an SR motor and the resulting current pulses
are measured to obtain an indication of the impedances
of the unenergized motor phases and an estimation of
the rotor angle. The circuitry for implementing this
method, however, is rather complex and relatively ex-
pensive.

Other techniques for indirectly sensing the position of
an SR motor include dwell angle modulation in an
“open loop” system, as described in J. T. Bass, et al.,
“Robust Torque Control of Switched Reluctance Mo-
tors Without a Shaft Position Sensor”, IEEE Trans. on
Ind. Elec., Vol. 1E-33, No. 3, pp. 212-216, August 1986;
and in J. T. Bass, et al., “Simplified Electronics for
Torque Control of Sensorless Switched Reluctance
Motor”, IEEE Trans. on Ind. Elec., Vol. 1E-34, No. 2,
pp- 234-239, May 1987. Further, U.S. Pat. No.
5,072,166 by the present applicant, entitled “Position
Sensor Elimination Technique for the Switched Reluc-
tance Motor Drive”, issued Dec. 10, 1991, describes an
indirect rotor detection technique which senses the
motor phase inductance by generating a frequency
modulated signal from an oscillator connected to the
stator windings.

However, each of the above-noted prior art tech-
niques have not been wholly satisfactory due either to
excessive complexity, inaccuracies caused by induced
parasitic currents, or lack of fully adequate running
performance over a wide range of torque load and iner-
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tia. A need has thus arisen for a simple, cost-effective,
technique to detect the rotor position of an SR motor.

SUMMARY OF THE INVENTION

In accordance with the present invention, a method
and system are provided for indirectly detecting the
rotor position of a switched reluctance motor having
multiple stator phases energized in synchronism with
the position of the motor. A periodically varying signal
is applied to a non-excited stator of the motor. A prede-
termined characteristic of the signal is then detected.
An indication is generated of the position of the rotor
independent upon the detected characteristic of the
signal. In one aspect of the invention, the predetermined
characteristic comprises the amplitude of the current
drawn by the non-excited stator. In another aspect of
the invention, the predetermined characteristic com-
prises the phase difference between the voltage and
current of the non-excited stator and a resistance con-
nected with the non-excited stator.

In yet another aspect of the present invention, a
method and apparatus is provided to detect the rotor
position of a switched reluctance motor which has mul-
tiple stator phases energized in synchronism with the
position of the rotor. A known resistance is connected
with a non-conducting stator phase of the motor. A
periodically varying voltage is applied to the known
resistor and the non-conducting stator phase. The am-
plitude of the current drawn by the non-excited stator is
detected, along with the phase difference between the
varying voltage and the current passing through the
resistance. The combination of the detected amplitude
and phase difference is a function of the inductance of
the non-conducting stator phase and therefore, a func-
tion of the position of the rotor.

BRIEF DESCRIPTION OF THE DRAWINGS

For further objects and advantages of the present
invention, reference is now made to the following
drawings, in which:

FIG. 1 illustrates a schematic diagram of a switched
reluctance (SR) motor;

FIGS. 2(a) and 2(b) are waveforms which illustrate
the idealized inductance profile of an SR motor, and the
coincidence of the phase current with the decreasing
inductance;

FIG. 3 illustrates a typical converter configuration
for a four-phase SR motor;

FIG. 4 illustrates a block diagram of the first em-
bodiment for sensing the position of an SR motor by
detecting amplitude variations;

FIGS. 5 and 6 illustrate second embodiments of the
invention illustrating the detection of SR motor rotor
position by detecting phase differences between the
current and voltage of a non-excited stator winding;

FIG. 7 is a block diagram illustrating the preferred
embodiment of the invention which combines detection
of amplitude and phase differences of the signals applied
to the non-excited stator windings of an SR motor;

FIG. 8 illustrates the voltage and unfiltered current
of the present invention across non-excited phase of an
SR motor when another phase is energized and aligned
with the rotor;

FIG. 9 illustrates the voltage and filtered current
across the non-excited phase of FIG. 8;

FIG. 10 illustrates the voltage and unfiltered current
of the present invention across a non-excited phase
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when another phase is energized but not aligned with
the rotor;

FIG. 11 illustrates the voltage and filtered current
across the non-excited phase of FIG. 10;

FIG. 12 illustrates the output of the AND gate of
FIG. 7 at the time of FIG. 9; and

FIG. 13 illustrates the output of the AND gate of
FIG. 7 at the time of FIG. 11.

DETAILED DESCRIPTION OF THE
INVENTION

FIG. 1 illustrates a switched reluctance (SR) motor
10 having a rotor 12 and a stator 14. Rotor 12 has four
poles 1-4 and the stator 14 has six poles A—A', B—B',
and C—C'. It will of course be understood that the
present invention may be used with SR motors having
any desired number or combinations of rotor and stator
poles.

Phase windings 16 are wound around the stator poles
A-C. As is known, the windings for pairs of diametri-
cally opposite stator poles are normally wired together
and the pairs are energized by respective ones of three
phases of current. The phase inductance varies appre-
ciably as a function of rotor 12 position, so that when a
pair of phase windings are energized, a torque is gener-
ated which tends to align the rotor poles with the two
stator poles having the energized windings.

The efficiency of the SR motor in low to medium
power applications is comparable to and often better
than induction or permanent magnet motors. For exam-
ple, the temperature sensitivity, demagnetization limits,
and brittleness associated with permanent magnet mo-
tors are absent in SR motors. The wide speed range is an
additional advantage of SR motors over permanent
magnet motors. SR motors are thus highly suitable for
drive applications in automobiles and the like, due to the
SR motor’s high performance, light weight, and low
cost.

The flexibility and control in four quadrants with
regeneration and dynamic breaking in SR motors can
also be effectively used in the compressor motor for the
air conditioning system of the automobile. Moreover,
an adjustable speed SR motor is more economical and
efficient than a DC motor in driving the cooling fan of
an automotive system, particularly as the speed of the
SR motor may be adjustable according to the tempera-
ture of the automobile engine, thus saving system en-
ergy loss. SR motors are also adaptable for many other
uses, such as for the starter of the combustion engine of
the conventional automobile and the like.

To apply a relatively constant torque to the rotor 12
for rotation in either a forward or reverse direction, the
phase windings are energized in sequence as a function
of the relative angular position of the rotor 12 with
respect to the stator 14. As noted, this rotor position
sensing has previously been done using optical or Hall
sensors not in close proximity to the rotor 12, or by
other indirect methods. The present invention applies a
varying voltage to a non-energized or non-excited
phase winding and detects the resulting amplitude and-
/or phase differences associated with the signal in order
to detect the value of the inductance of the stator wind-
ings and therefore, information regarding the position
of the rotor.

Torque in the SR motor is developed by the tendency
of the magnetic circuit to adopt a configuration of mini-
mum reluctance and is independent of the direction of
current flow. Consequently unidirectional currents are
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required and a simple configuration is sufficient as the
drive circuitry. The torque in terms of co-energy W is,

WO, i
7'(0,0._:_%5:_‘2_

where 8 is the angle describing the rotor position and i
is the current in the stator windings. Under the simplify-
ing assumption of no magnetic non-linearity the torque
equation becomes,

0.0 = 3 235
where L is the self inductance of the stator phase at any
value of 6.

The idealized inductance profile of an SR motor is
shown in FIG. 2(a). For positive or motoring torque in
the forward mode of operation, phase current is
switched such that it flows during the rising inductance
period and for braking, phase current must coincide
with the decreasing inductance period as shown in FIG.
2(b). In the 3rd and 4th quadrant operations, the for-
ward braking mode becomes the positive torque pro-
ducing region (reverse motoring), while the forward
motoring portion (between 6, and 6.) becomes the posi-
tive torque producing region (reverse regeneration) in
the reverse direction.

Typically, an SR motor is run in the forward motor-
ing mode, but the energy stored in the magnetic field at
the end of a conduction period of a particular phase is
not necessarily dissipated. The energy can be pumped
back to the supply at the end of the period of rising
inductance with the appropriate converter circuit. To
maximize motoring torque, the current in a phase
should be switched on during the constant inductance
region so that the current can build up when the period
of increasing inductance starts. In addition, the current
should be switched off before the end of the increasing
inductance period to allow the current to decay fully so
that no negative torque is produced. Each stator phase
of an SR motor must be energized by an unidirectional
current pulse while the rotor is appropriately positioned
relative to the stator.

A number of converter configurations are known
which selectively energize the SR motor windings in
response to phase commutating signals. For example,
reference is made to FIG. 2 of previously noted U.S.
Pat. No. 5,072,166, the description of which is incorpo-
rated herewith. FIG. 3 illustrates a common converter
configuration for switching a four-phase SR motor. As
may be seen in FIG. 3, voltage may be applied from a
DC supply which may include a full-wave bridge recti-
fier for converting standard 120 VAC household cur-
rent to direct current. Preferably, two switching de-
vices are used for each phase of the motor to be con-
trolled. For example, switches S1 and S2 are connected
on opposite sides of phase 1, while switches S3 and S4
are connected on opposite sides of phase 2 of the motor.
The switches may comprise any suitable electronic
switches such as power field-effect transistors or the
like. Diodes D1-D7 are connected to each of the phases
for returning power to the power supply when the
switches S1-S8 are turned off, in order to improve the
electrical efficiency of the SR motor.

A high voltage integrated circuit (HVIC) driver chip
IR-2110 manufactured by International Rectifier may
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be used to drive the gates of each of the upper switches
S1-S7. The HVIC eliminates the need for separate
floating power supplies for each of the upper switches.
A bootstrap technique is often used to provide a floating
bias supply in the IR-2110 in combination with level-
shifting a ground reference to input signal. The IR-2110
is normally configured to directly drive a pair of power
MOSFETs or MOSIGTs connected in half-bridge or
other configurations.

FIG. 4 illustrates a diagram of an embodiment of the
invention. As known, the inductance of a stator phase is
a function of the rotor position. The phase inductance is
maximum when the stator and rotor poles are aligned
and is minimum when the poles are unaligned. In an SR
motor, since only one phase is conducting at any instant,
the other non-conducting phases may be used to sense
the position of the motor by connecting suitable sensing
circuitry.

The non-conducting phase may be modeled as a vary-
ing inductor with negligible resistance and is illustrated
by number 18 in FIG. 4. When inductor 18 is energized
by a sinusoidal or other periodically varying voltage
from supply 20, a predetermined characteristic of the
resulting signal may be detected to determine the induc-
tance. For example, the current drawn by the inductor
18 varies in peak amplitude as the motor rotates. This
variation in amplitude of the current signal is inversely
proportional to the value of the inductance. Hence, the
amplitude of the current signal gives information re-
garding the rotor position.

In the embodiment shown in FIG. 4, a resistance 22 is
connected across the non-conducting phase inductor 18
and the voltage supply 20, which is connected across
the inputs of a voltage to frequency converter 24. The
output of converter 24 is thus a frequency signal whose
frequency may be measured by a microcontroller or by
a high speed timer. The accuracy of this sensing tech-
nique depends upon the frequency of the varying volt-
age supply 20. The higher the frequency used, the
higher the resolution of position detection. Filtering is
provided by the converter 24 to eliminate unwanted
noise from adjacent stator phases.

In operation of the circuitry shown in FIG. 4, a multi-
plexer, to be shown and described with respect to FIG.
7, sequentially connects the voltage supply 20 to a non-
conducting stator phase. A microcontroller is used to
control the timing of the multiplexer. For a four-phase
motor, if the torque producing current is flowing
through Phase A, then the multiplexer connects Phase
C to the voltage source 20 and to the frequency con-
verter 24. Rotor position is detected using information
from Phase C while the Phase A coil is conducting the
motor current. When Phase A is switched off and Phase
B is connected to the DC bus, the microcontroller
switches the multiplexer to switch the position measur-
ing circuitry of FIG. 4 from Phase C to Phase D and the
sequence continues. The position information encoded
for each non-conducting phase is filtered and translated
into a variable frequency signal by converter 24. The
high frequency signal is clocked by a high speed timer
of the microcontroller to recover the rotor position
information. This information is then used to control the
commutation of the SR motor to provide control
thereof.

FIG. § illustrates another embodiment of the present
invention wherein the predetermined signal characteris-
tic sensed is a phase difference, rather than the ampli-
tude sensed by the circuit of FIG. 4. As noted, the phase
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inductance of the SR motor varies significantly between
the aligned and unaligned rotor positions. The ratio of
maximum to minimum inductance in an SR motor is
usually three or greater. FIG. 5 illustrates a technique
using a phase modulator to generate a signal propor-
tional to the inductance variation of the motor.

Again, in this embodiment, since only one phase of
the motor is conducting at one instant, one of the other
non-conducting phases is used to sense the position of
the rotor by connecting suitable sensing circuits. In
FIG. 5, a known resistance 26 is connected in series
with the phase inductor 18. As previously noted, the
phase inductor 18 is a varying inductor with negligible
resistance and models the non-conducting phase of the
SR motor. The varying voltage source 20 is connected
in series with the inductor 18 and in series with resistor
26. The voltage source 20 will normally provide a sinu-
soidal waveform, but it will be understood that the
waveform could comprise other varying waveforms
such as a square wave, triangular wave, or any other
desirable wave shape. Since the current generated by
the sensing waveform source 20 is negligible when
compared to the current in the excited stator phases, no
reflections or coupling are generated by the sensing
circuit which effect the operation of the SR motor.

When the phase inductor 18 and resistor 26 are ener-
gized by the voltage from voltage source 20, the phase
difference between the voltage and the inductor current
is a function of the varying inductance. The output from
the sensing circuitry is applied through a filter 28 and to
a zero crossing detector 30. The output of the detector
30 is indicative of the phase difference and is applied to
the microcontroller wherein the phase difference is
digitized. A high speed timer in the microcontroller
clocks the phase modulated signal to give a digital
count which corresponds to the instantaneous rotor
position. The digital count may then be used to control
the operation of the motor in the known manner.

FIG. § illustrates the present circuit connected to
only one phase of the motor, it being understood that
the other phases have identical circuits which are con-
nected to the stator phases by a multiplexer in their
unexcited states. In initial operation of the motor, the
microcontroller determines which stator phases should
be excited to deliver torque in the desired direction by
checking the inductance of ali three phases. The phase

" difference between the current and the voltage across

resistor 26 (R) in the circuit of FIG. 5§ is given by,

ol
¢ = arctan (——R )

The variation of phase difference is maximum if resis-
tance R is chosen as the geometric mean of minimum
and maximum inductive reactance; i.e.,

R = N(wLmax) X (wLmin)

The resolution of the technique may be further in-
creased by using the modification shown in FIG. 6,
wherein like numbers are used for like and correspond-
ing parts. In this embodiment, two voltage sources 20(a)
and 20(b) are utilized, with the voltage sources being
180° out of phase. The voltage from source 20(a) is
applied to the known resistance 26, while the 180° out of












