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ANGLE FIRING CONTROLLER AND
METHOD OF CONTROLLING A SWITCHED
RELUCTANCE MACHINE

FIELD OF THE INVENTION

This invention relates to variable speed electronic drives.
More particularly, this invention relates to circuitry and a
method for controlling a switched reluctance motor that
eliminates the need for a control law table. The circuit and
method of the present invention are applicable to all four
quadrants of the torque/speed plane of operation.

BACKGROUND OF THE INVENTION

Electric motors turn electrical energy into mechanical
energy to produce work. Electric motors work by applying
a voltage across one or more inductors typically a machine
winding, thereby energizing the inductor(s) to produce a
resultant magnetic field. Mechanical forces of attraction or
repulsion caused by the magnetic field cause a rotor in an
electric motor to move. The efficiency of the electrical motor
depends in part on the timing and magnitude of each
application of voltage to the motor. Timing of the voltage
being applied is particularly important in the case of
switched reluctance motors.

Historically. the switched reluctance motor was thought to
be incapable of competing effectively with other types of
motors. More recently however. a better understanding of
motor design and the application of electronically controlled
switching has resulted in a robust switched reluctance drive
capable of high levels of performance over a wide range of
sizes, powers and speeds. Note that the term ‘motor” is used
here. but it will be appreciated by those skilled in the art that
the term covers the same machine in a generating mode
unless a particular distinction is made.

The switched reluctance motor is generally constructed
without conductive windings or permanent magnets on the
rotating part (called the rotor) and includes electronically-
switched windings carrying unidirectional currents on the
stationary part (called the stator). Commonly, pairs of dia-
metrically opposed stator poles may be connected in series
or parallel to form one phase of a potentially multi-phase
switched reluctance motor. Motoring torque is developed by
applying voltage to each of the phase windings in a prede-
termined sequence that is synchronized with the angular
position of the rotor so that a magnetic force of attraction
results between poles of the rotor and stator as they approach
each other. Similarly, generating action is produced by
positioning the voltage pulse in the part of the cycle where
the poles are moving away from each other.

The general theory of design and operation of switched
reluctance motors is well known and discussed, for example
in The Characteristics Design and Applications of Switched
Reluctance Motors and Drives, by Stephenson and Blake
and presented at the PCIM "93 Conference and Exhibition at
Nuremberg, Germany. Jun. 21-24, 1993.

There have been various strategies proposed in the past
for controlling switched reluctance motors as part of an
overall variable speed drive system. In general, these strat-
egies may be divided into two broad groups: systems that
employ current magnitude control over a fixed angle of rotor
rotation, and systems that employ voltage control over
varying angles of rotor rotation. The present invention is
directed to systems that employ voltage control.

In general, “phase period” herein refers to the period
between the rotor’s position when a first rotor pole is
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completely aligned with the stator pole of interest and the
rotor’s position when an adjacent rotor pole is aligned with
the stator pole. Depending on the number of rotor and stator
poles there may be a number of phase periods for each
complete rotation of the rotor.

Typically, systems that employ current magnitude control
operate to control the torque of a switched reluctance motor
by controlling the amplitude of the current in the phase
winding during each phase period. In known switched
reluctance motor systems, the motoring firing control is
arranged such that the current in the phase windings drops
to zero at or near the point where a rotor pole is completely
aligned with the stator pole of interest. This is because
current in the phase winding after the point where a rotor
pole is aligned with the stator pole of interest can produce
braking torque which is generally undesirable in motoring
operation.

At standstill and at low speeds. the torque can be con-
trolled by varying the current in the phase over the portion
of the phase period during which the desired polarity of
torque is produced. This can be achieved by chopping the
current using a current reference with phase current feed-
back or by pulse width modulation (PWM) voltage control.
These control strategies are generally understood and are
described briefly below to aid the later description of the
invention.

FIG. 1 generally illustrates typical motoring phase wind-
ing current waveforms in the low speed region when chop-
ping is used. As is illustrated in FIG. 1, the current increases
until it reaches the current reference where it is chopped. i.e.
prevented from increasing further. by the controller. It then
decays to a lower control level whereupon the voltage is
re-applied and the current rises again. This process repeats
until the end of the phase period.

As the angular speed of the motor increases, a point is
reached where there is insufficient time for more than a
single pulse or “chop” of current to be produced during each
phase period. Accordingly. at these speeds chopping strate-
gies and pulse width modulation become ineffective. At
these speeds, the torque of the motor is commonly controlled
by controlling the position and duration of the voltage pulse
applied to the winding during the phase period. Because a
single pulse of voltage is applied during each phase period.
this form of control is referred to as “single pulse control.”

FIG. 2 illustrates an exemplary current waveform for a
phase current in a motor operating according to single pulse
control. In single pulse control, the torque level is defined by
the magnitude and shape of the voltage pulse which. in turn.
is generally determined by: the angular speed of the rotor;
the point during the rotor’s rotation when voltage is applied
to the phase winding (referred to as the “turn-ON angle™);
the point during the rotor’s rotation when the application of
voltage to the winding is halted (referred to as the *“turn-OFF
angle”); and the magnitude of the voltage applied to the
phase winding. The turn-ON and turn-OFF angles define a
“conduction angle.” The conduction angle is the angular
distance between the turn-ON and the turn-OFF angles. FIG.
2 generally illustrates the approximate positions of the
turn-ON and turn-OFF angles and the duration of the
conduction angle for the exemplary waveform.

The relationship between a required value of torque and
the appropriate turn-ON and turn-OFF angles for each speed
of the motor (assuming a constant DC link voltage) can not
be defined accurately by any simple mathematical equation.
In known switched reluctance motor systems, this complex
relationship is typically implemented through the use of a
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circuit that stores signals representative of the relationship
between the speed, torque demand and turn-ON and turn-
OFF angles of the motor. Circuits of this type are commonly
referred to as “control law tables.”

In many known controllers for switched reluctance
motors, the control law table comprises a circuit that
includes turn-ON and turn~-OFF angle information for vari-
ous rotor speed and torque demand combinations. In most
systems the information that is stored in the control law table
is derived empirically through a process commonly known
as “characterization” in which the appropriate turn-ON and
turn-OFF angles required to produce the torque demand are
determined for a number of different rotor speeds. The
empirically derived information is then stored in the control-
law table, sometimes together with information from non-
tested speeds and torque demands which has been interpo-
lated from the empirically derived information.

FIG. 3 illustrates in simplified block form an exemplary
variable speed controller for single pulse control of the type
using a control law table. As illustrated, the controller 30
receives a signal representative of the desired speed of the
motor and compares it in an error detector 31 to a signal
representing the actual speed of the motor. The output of the
error detector 31 is an analog signal that varies linearly
according to the difference between the desired speed and
the actual speed and corresponds to the torque demand
necessary to bring the motor to the desired speed.

The torque demand signal and the feedback command
representing the angular speed of the rotor are provided to a
circuit containing a control law table 32 which provides
signals representative of the appropriate turn-ON and turn-
OFF angles. The information concerning the appropriate
conduction angle is provided to a power converter 34 that
also receives a representation of the angular position of the
rotor. The power converter 34 compares the signal repre-
senting the angular position of the rotor with the signals
representing the appropriate turn-ON and turn-OFF angles
and controls the power switching devices such that voltage
is applied to the appropriate phase winding when the angular
position of the rotor is equal to the desired turn-ON angle
and removed from the phase winding when the rotor’s
position is equal to the turn-OFF angle. The structure and
operation of controllers using control law tables is generally
understood and is described. for example, in D. M. Sugden,
P. D. Webster, J. M. Stephenson, “The Control of SR Drives:
Review and Current Status.” Proceedings of the 3rd Euro-
pean Conference on Power Electronics Applications (EPE
>89) at Aachen, Germany, October 1989, pp. 35-40.

One disadvantage of controllers using control law tables
is the necessity of providing for the control law circuitry. In
particular, the digital memories commonly used to store the
control law information are relatively expensive and add to
the cost of the overall control system. Moreover, the use of
control law tables adds to the cost and time required to
develop a new control system in that the process of char-
acterizing the motor may be required for each new motor
and controller. A still further disadvantage of control law
tables is that they suffer from discretisation. In other words,
the control law table can store the conduction angle infor-
mation for only a discrete number of speed/torque demand
combinations. If the actual speed/torque demand combina-
tion is different from that contained in the control law table,
the control system will typically provide the conduction
angle information for the speed/torque demand point most
near the actual speedftorque demand point. This results in
the use of conduction angle information that is not neces-
sarily optimal for each speed/torque demand point.
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In the past, several approaches have been attempted to
provide controllers for switched reluctance motors that do
not rely on costly control law tables. As discussed below,
most of the known alternatives to control law tables suffer
from significant disadvantages.

For example, A, Weller and P. Trawinski propose a
simplified angle controller in “Design and Control of Low
Power Switched Reluctance Motors (<1 kW)”; 4th Euro-
pean Conference on Power Electronics and Applications
(EPE *91) at Florence, Italy, September 1991, pp. 1-7. In the
proposed controller. the turn-ON and turn-OFF angles are
programmed into a controller such that they vary with speed.
but not torque. Because the torque information in this system
is not considered in the generation of the conduction angle
signals, the described control system will not provide con-
tinuously smooth operation over a wide operating range.
Moreover. the disclosed system has the potential for speed
loop instability.

Another alternative to the use of large. costly control law
tables is disclosed in Bose et al.. “Microcontroller Control of
Switched Reluctance Motor”, IA-22 IEEE Trans. on Indus-
try Applications, pp. 708-715, July/August 1986. In the
controller disclosed by Bose, a relatively small, coarse
control law table is provided and the actual conduction angle
information is computed in real-time through the use of
interpolation. While this proposed alternative eliminates the
need for a large, costly control law table, it does so at the
expense of greatly increased computational power and com-
plexity within the control system. Further. due to the addi-
tional time overhead associated with interpolation. such
alternatives are unable to cope well with rapid changes in
load torque and speed.

The present invention provides a circuit and a method for
controlling a switched reluctance motor in the single pulse
region without the use of large, costly control law tables and
without the use of complex computational strategies. The
present invention also provides a circuit and a method for
controlling a switched reluctance machine that allows for
smooth control of the output torque without the disadvan-
tages of discretisation associated with control law tables.

SUMMARY OF THE INVENTION

The angle firing controller and method for controlling an
electric motor of the present invention involves controlling
the torque of a switched reluctance drive in the single-pulse
mode while eliminating the use of a control law table.

In accordance with one embodiment of the present
invention, the foregoing disadvantages of known switched
reluctance motor controllers are overcome by employing an
edge-triggered monostable circuit with an output having a
pulse width which corresponds to the conduction angle and
increases for increasing torque demand that is synchronized
to actual rotor position. In this embodiment, the pulse width
of the monostable that corresponds to the conduction angle
is not controlled as a parameter from a control law table.

BRIEF DESCRIPTION OF THE DRAWINGS

Other aspects and advantages of the present invention will
become apparent upon reading the following detailed
description and upon reference to the drawings in which:

Similar reference characters indicate similar parts
throughout the several views of the drawings.

FIG. 1 generally illustrates a phase current of a switched
reluctance motor when current chopping is used as a method
of torque control.
























