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Description

[0001] This invention relates to control systems for
switched reluctance machines. More particularly, this in-
vention relates to circuitry and a method for controlling
a switched reluctance machine 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.

[0002] Electric motors turn electrical energy into me-
chanical energy to produce work. Electric motors work
by applying a voltage across one or more windings,
thereby energizing the windings to produce a resultant
magnetic field. Mechanical forces of attraction caused
by the magnetic field cause a rotor in an electric motor
to move. The efficiency of the electric 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 reluc-
tance motors.

[0003] 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 ro-
bust 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.

[0004] The switched reluctance motor is generally
constructed without conductive windings or permanent
magnets on the rotating part (called the rotor) and in-
cludes windings carrying currents on the stationary part
(called the stator). Commonly, pairs of diametrically op-
posed stator poles may be connected in series or par-
allel to form one phase of a potentially multi-phase
switched reluctance motor. Motoring torque is devel-
oped by applying voltage to each of the phase windings
in a predetermined 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 ac-
tion is produced by positioning the voltage pulse in the
part of the cycle where the poles are moving away from
each other.

[0005] The general theory of design and operation of
switched reluctance motors is well known and dis-
cussed, 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 Nurnberg, Germany,
June 21-24, 1993.

[0006] There have been various strategies proposed
in the past for controlling switched reluctance motors as
part of an overall variable speed drive system. In gen-
eral, these strategies may be divided into two broad
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groups: systems that employ current magnitude control
over afixed angle of rotor rotation, and systems that em-
ploy voltage control over varying angles of rotor rotation.
The present invention is directed to systems that employ
voltage control.

[0007] In general, "phase period" herein refers to the
period between the rotor's position when a first rotor
pole is completely aligned with the stator pole of interest
and the rotor's position when an adjacent rotor pole is
aligned with that 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.

[0008] Typically, systems that employ current magni-
tude control operate to control the torque of a switched
reluctance motor by controlling the amplitude of the cur-
rent in the phase winding during each phase period. In
known switched reluctance motor systems, the motor-
ing firing control is arranged such that the current in the
phase winding 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 sta-
tor pole of interest produces braking torque which is
generally undesirable in motoring operation.

[0009] At standstill and at low speeds, the torque can
be controlled 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 feedback or by pulse width modulation
(PWM) voltage control. These control strategies, though
generally understood, are described briefly below to aid
the later description of the invention.

[0010] Figure 1 generally illustrates typical motoring
phase winding current waveforms in the low-speed re-
gion when chopping is used. As is illustrated in Figure
1, the current increases until it reaches the current ref-
erence where it is chopped, i.e. prevented from increas-
ing 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.

[0011] As the angular speed of the motor increases,
a point is reached where there is insufficient time for
more than a single "chop" of current to be produced dur-
ing each phase period. Accordingly, at these speeds
chopping strategies and pulse width modulation both
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 volt-
age is applied during each phase period, this form of
control is referred to as "single pulse control."

[0012] Figure 2illustrates an exemplary current wave-
form 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 volt-
age pulse which, in turn, is generally determined by: the
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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.
Figure 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.
[0013] The relationship between a required value of
torque and the appropriate turn-ON and turn-OFF an-
gles 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 reluc-
tance motor systems, this complex relationship is typi-
cally implemented through the use of a circuit that stores
signals representative of the relationship between the
turn-ON and turn-OFF angles, andthe speed and torque
demand of the motor. Circuits of this type are commonly
referred to as "control law tables."

[0014] In many known controllers for switched reluc-
tance motors, the control law table comprises a circuit
that includes turm-ON and turn-OFF angle information
for various rotor speed and torque demand combina-
tions. 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 de-
rived information is then stored in the control-law table,
sometimes together with information relating to non-
tested speeds and torque demands which has been in-
terpolated from the empirically derived information.
[0015] Figure 3 illustrates in simplified block form an
exemplary variable speed controller for single pulse
control of the type using a control law table. As illustrat-
ed, 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 neces-
sary to bring the motor to the desired speed.

[0016] The torque demand signal and the feedback
signal 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 concern-
ing 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 representing the angular posi-
tion of the rotor with the signals representing the appro-
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priate 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 posi-
tion 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," Pro-
ceedings of the 3rd European Conference on Power
Electronics Applications (EPE '89) at Aachen, Germany,
October 1989, pp. 35-40.

[0017] One disadvantage of controllers using control
law tables is the necessity of providing for the control
law circuitry. In particular, the digital memories common-
ly used to store the control law information are relatively
expensive and add to the cost of the overall control sys-
tem. 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 characterizing 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 information for only a dis-
crete number of speed/torque demand combinations. If
the actual speed/torque demand combination is differ-
ent from that contained in the control law table, the con-
trol system will typically provide the conduction angle
information for the speed/torque demand point nearest
the actual speed/torque demand point. This results in
the use of conduction angle information that is not nec-
essarily optimal for each speed/torque demand point.
[0018] In the past, several approaches have been at-
tempted 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 con-
trol law tables suffer from significant disadvantages.
[0019] For example, A. Weller and P. Trawinski pro-
pose a simplified angle controller in "Design and Control
of Low Power Switched Reluctance Motors (<1 kW)";
4th European Conference on Power Electronics and Ap-
plications (EPE '91) at Florence, Italy, September 1991,
pp. 1-7. Inthe proposed controller, the turn-ON and turn-
OFF angles are programmed into a controller such that
they vary with speed, but nottorque. Because the torque
information in this system is not considered in the gen-
eration of the conduction angle signals, the described
control system will not provide continuously smooth op-
eration over a wide operating range. Moreover, the dis-
closed system has the potential for speed loop instabil-
ity.

[0020] Another alternative to the use of large, costly
control law tables is disclosed in Bose et al., "Microcon-
troller Control of Switched Reluctance Motor", |IEEE
Trans. _on _Industry Applications, 1A-22 July/August
1986, pp. 708-715. In the controller disclosed by Bose,
a relatively small, coarse control law table is provided




5 EP 0 736 962 B1 8

and the actual conduction angle information is comput-
ed 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 complexity
within the control system. Further, due to the additional
time overhead associated with interpolation, such alter-
natives are unable to cope well with rapid changes in
load torque and speed.

[0021] The present invention provides a system and
a method for controlling a switched reluctance machine
in the single pulse region without the use of large, costly
control law tables and without the use of complex com-
putational strategies.

[0022] The present invention is defined in the accom-
panying independent claims. Preferred features are re-
cited in the dependent claims.

[0023] The control system and method of the present
invention provides a simple system for deriving firing
pulses from rotor position information using a delay
which triggers the firing pulse.

[0024] In accordance with one embodiment of the
present invention, the foregoing disadvantages of
known switched reluctance motor controllers are over-
come by employing an edge-triggered monostable cir-
cuit with an output having a pulse width which corre-
sponds to the conduction angle and increases for in-
creasing torque demand and which is synchronized to
the actual rotor position. In this embodiment, the pulse
width of the monostable that corresponds to the conduc-
tion angle is also not controlled as a parameter from a
control law table.

[0025] Other aspects and advantages of the present
invention will become apparent upon reading the follow-
ing detailed description of exemplary embodiments with
reference to the drawings in which:

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

Figure 2 illustrates an exemplary phase current
waveform for a switched reluctance motor operat-
ing according to single pulse voltage control;
Figure 3 illustrates in simplified block form an ex-
emplary variable speed controller for a switched re-
luctance motor utilizing a control law table;

Figure 4 illustrates in block form a variable speed
controller for a single-phase switched reluctance
motor constructed in accordance with the present
invention;

Figure 5 illustrates the output of a rotor position
transducer that may be used to implement the
present invention;

Figure 6 illustrates the operational blocks and char-
acteristics of an angle controller constructed in ac-
cordance with the present invention;

Figures 7a and 7b illustrate signals and signal levels
for an exemplary operational state of the angle con-
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troller of Figure 6;

Figures 8a and 8b illustrate power circuitry and the
control signals that may be used to implement free-
wheeling in an angle controller constructed in ac-
cordance with the present invention; and

Figures 9a and 9b illustrate an angle control circuit
and exemplary signals and signal levels for a free-
wheeling angle controller constructed and operated
according to the present invention.

[0026] While the invention is susceptible to various
modifications and alternative forms, a number of specif-
ic embodiments have been shown by way of example
in the drawings and will be described in detail herein. It
should be understood, however, that this is not intended
to limit the invention to the particular forms disclosed.
On the contrary, the intention is to cover all modifica-
tions, equivalents and alternatives falling within the
scope of the invention as defined by the appended
claims.

[0027] In contrast to known controllers for switched
reluctance motors, the present invention eliminates the
need for a large, costly control law table.

[0028] In general, the present invention implements a
variable speed controller that receives a speed com-
mand signal and an actual speed signal, and produces
a torque demand signal. The torque demand signal is
then used to generate a conduction angle signal that
represents the angular period over which voltage is to
be applied to the appropriate phase winding. Informa-
tion concerning the angular speed and position of the
rotor is then used to set the turn-ON and turn-OFF an-
gles such that the application of voltage to the phase
winding occurs during the desired portion of the phase
period.

[0029] For clarity, the following discussion is limited to
a single-phase switched reluctance motor. As those
skilled in the art will recognize, the present invention is
also applicable to multi-phase switched reluctance ma-
chines. To apply the present invention to multi-phase
machines it is simply necessary to add additional circuit-
ry to identify the appropriate phase winding for energiza-
tion during each phase period. Given the disclosure of
the present invention contained herein, the construction
of multi-phase switched reluctance machines embody-
ing the present invention is within the ability of one of
ordinary skill in the art and is not discussed in detail.
[0030] Similar reference characters indicate similar
parts throughout the several views of the drawings.
[0031] Figure 4 illustrates in block form a variable
speed controller for a single-phase switched reluctance
machine in accordance with the present invention. The
controller of the present invention is applicable to many
types of switched reluctance machine and the construc-
tion of the machine may be carried out in accordance
with known methods and techniques.

[0032] The controller 40 includes a shaft sensor 41 for
creating an output signal representative of rotor posi-
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tion. In the embodiment of Figure 4, the shaft sensor 41
comprises a rotor position transducer (RPT) that pro-
duces voltage pulses having rising and falling edges that
correspond to the angular position of the rotor over the
phase period.

[0033] Figure 5 illustrates the output of the RPT that
comprises shaft sensor 41 of Figure 4 as a function of
the rotor's position relative to the stator pole of interest.
The RPT that comprises shaft sensor 41 is configured
such that a first falling edge 50 occurs when a rotor pole
is completely aligned with the stator pole of interest and
a second falling edge 52 occurs when an adjacent rotor
pole is aligned with the stator pole of interest. In the em-
bodiment of Figure 4, the RPT is configured such that
the relationship of the mark region (the logic high region)
to the space region (the logic low region) is near unity
although this is not necessary for operation of the circuit.
The relationship of the mark region to the space region
may be different from that illustrated in Figure 4. As in-
dicated on Figure 5, the period between each falling
edge defines a "phase period." In the embodiment of
Figure 4, the circuitry is edge-triggered and hence does
not primarily rely on the width of the pulse but on the
edges that define the phase period.

[0034] It should be appreciated that the RPT which
comprises shaft sensor 41 of Figure 4 is but one exam-
ple of a number of sensors that may be used to imple-
ment the present invention. For example, shaft sensors
or resolvers that provide digital signals representative
of the actual position of the rotor may be used, and RPTs
configured to produce voltage pulses with different ris-
ing or falling edge points may also be used. The present
invention is not limited to sensors of the type described
above but is applicable to a number of different types of
rotor position sensor by which rotor position information
can be derived. This includes the so-called 'sensorless'
techniques in which the information is derived from, for
example, the currents, voltages and/or inductances as-
sociated with the phase windings of the machine.
[0035] Referring back to Figure 4, the controller 40 of
the present invention also includes a speed measure-
ment block 42 that receives the output of the shaft sen-
sor 41. The speed measurement block 42 monitors the
number of changes in the rotor position signal from the
shaft sensor 41 over a predetermined time to produce
a signal that corresponds to the angular speed of the
rotor. In one embodiment, the output of the speed meas-
urement block 42 is a digital word corresponding to the
average rotor speed over a given period of time. In al-
ternative embodiments the output of the speed meas-
urement block 42 may be an analog signal that varies
in proportion to the rotor's speed. The use of a speed
measurement circuit that operates from the output of the
shaft sensor 41 is not essential to the present invention
and other forms of speed sensing circuits (such as
tachogenerators or the like) can be used without depart-
ing from the scope of the present invention.

[0036] As discussed above, at low speeds, current
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chopping may be used to control the torque of a
switched reluctance motor. Figure 4 illustrates one ex-
ample of a chopping circuit that may be used in a con-
troller constructed in accordance with the present inven-
tion.

[0037] Referringto Figure 4, a chopping current com-
parator 43 is provided that receives a signal represent-
ative of a desired reference current and a feedback sig-
nal representative of the actual current in the phase
winding of the motor. The chopping current comparator
43 produces a logic signal of a first logic level (e.g., logic
high or "1") whenever the desired reference current ex-
ceeds the actual current, and a logic level of a second
level (e.g., logic low or "0") otherwise. The output of the
chopping comparator 43 is provided as a first input to
an AND gate 44. In the illustrated embodiment, the AND
gate 44 provides a firing signal commanding a power
converter (not shown) to apply voltage to the appropri-
ate phase winding whenever both of its inputs are logic
high.

[0038] Inthe embodiment of Figure 4 the second input
to the AND gate 44 is the output of a multiplexer 45. The
multiplexer 45 receives two input signals and one con-
trol signal (not shown). The input signals comprise the
output of the shaft sensor 41 and the output of an angle
control circuit 46. The control signal comprises a signal
derived from the output of the speed measurement
block 42.

[0039] When the output of the speed measurement
block 42 indicates that the motor is operating at a low
speed, such that chopping can be used to control the
motor's torque, the control signal applied to the multi-
plexer 45 will be such that its output is the output of the
shaft sensor 41. At these low speeds, the current chop-
ping comparator 43 operates as a standard current
chopper to control the current in the motor.

[0040] In embodiments where the current chopping
comparator 43 will be used to implement torque control
through current chopping at low speeds, the current
chopping comparator 43 may be a single discrete IC
comparator and the current reference signal may be
generated by a standard control circuit or derived by
low-pass filtering a PWM signal from an ASIC or micro-
controller.

[0041] At higher speeds, when single pulse control is
necessary, the control signal applied to the multiplexer
45 will be such that its output follows the output of angle
control circuit 46. As discussed below, the angle control
circuit 46 allows for single pulse control of the motor
without the use of a control law table.

[0042] When single pulse voltage control is used, the
current chopping comparator 43 may be used to imple-
ment an overcurrent protection function. To implement
such an overcurrent protection function the current ref-
erence should be set to the maximum acceptable phase
current. When the current reference is set to such a high
value, the output comparator 43 will be logic high during
normal operation such that the firing signal provided by
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the AND gate 44 will follow the output of the multiplexer
45 (i.e., the output of the angle control circuit 46). When
the comparator 43 is used as an overcurrent protection
circuit, firing signals from the AND gate 44 will be inhib-
ited whenever the actual motor current exceeds the
maximum acceptable current as defined by the current
reference signal.

[0043] Asdiscussedabove, when the speed of the ro-
tor as indicated by the output of the speed measurement
circuit 42 indicates that single pulse control is neces-
sary, the signals that control the firing of the power de-
vices are generated by the angle control circuit 46 in
response to a torque demand signal.

[0044] In the present invention, the torque demand
signal is generated through the use of a compensator,
for example, a proportional plus integral controller 47,
that receives a speed error signal that varies with the
difference between the actual rotor speed (as indicated
by the output of speed measurement block 42) and a
desired speed command signal provided to the control-
ler.

[0045] Referring to Figure 4, the circuitry generates a
speed error signal by comparing the actual speed of the
rotor with the desired speed in an error detector 48 to
produce a speed error signal that varies in proportion to
the difference between the actual rotor speed and the
desired speed.

[0046] The P+l controller 47 converts the speed error
signal to a torque demand signal through the application
of known P+l control techniques. The values for the pro-
portional and integral components of the P+l controller
47 may be determined empirically such that the control-
ler operates stably over the expected operating speeds,
or may be calculated using standard P+l control theory.
The specific values of the proportional and integral com-
ponents of the P+l controller 47 are not critical to the
present invention.

[0047] Those skilled in the art will be aware that the
compensator could be implemented as a proportional,
proportional-plus-integral-derivative, sliding mode or
fuzzy logic compensator without departing from the
present invention.

[0048] The output of the P+l controller 47 is a torque
demand signal that is applied as one input to the angle
control circuit 46. The other input to the angle control
circuit 46 is the output of the shaft sensor 41. In re-
sponse to the torque demand signal and the output of
the shaft sensor 41, the angle control circuit 46 gener-
ates firing signals when the controller is operating in the
single pulse control mode.

[0049] The structure and operation of the angle con-
trol circuit 46 is more clearly illustrated in Figure 6. Fig-
ure 6 discloses a circuit including a period measurement
block 60, a multiplier 62, a first edge-triggered monos-
table 64, a second edge-triggered monostable 66 and
two summing circuits 67 and 68. It should be understood
that Figure 6 illustrates the general operational blocks
and characteristics of a controller constructed in accord-
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ance with the present invention and that an actual con-
troller may use either analog or digital circuitry to per-
form the functions represented by the blocks of Figure 6.
[0050] Referringto Figure 6, the period measurement
block 60 receives the output of the shaft sensor 41 and
generates a signal that varies in proportion to the length
of time between, for example, successive falling edges
of the output of shaft sensor 41 (i.e., the length of time
of the phase period). The signal produced by the period
measurement block 60 is therefore a signal that corre-
sponds to the interval of time required for one phase pe-
riod.

[0051] As discussed above, in single pulse control, a
single pulse of voltage is applied to the phase winding
for the duration of the conduction angle in each phase
period. In the present embodiment, the conduction an-
gle is determined by the period of time over which the
firing signal is present. In general, a longer firing signal
provided during a phase period (i.e., a greater conduc-
tion angle), results in greater torque. Accordingly, the
greater the torque demand signal, the greater the con-
duction angle and the longer the duration of the firing
signal.

[0052] In the angle control circuit 46 illustrated in Fig-
ure 6, the duration of the firing signal (i.e. the conduction
angle) is determined by multiplying the signal corre-
sponding to the length of time of the phase period from
the measurement block 60 by the torque demand signal
from the P+l controller 47. Accordingly, the duration of
the firing signal is approximately linearly proportional to
the torque demand signal. In the embodiment of Figure
4 the P+l controller 47 is configured such that its output
is a signal having a value between 0 and 0.5 where 0.5
represents 100% torque demand. Alternative embodi-
ments are possible in which the output of P+l controller
has different values.

[0053] In the embodiment of Figures 4 and 6, when
the torque demand signal is maximum, the output of the
multiplier 62 will be a signal representing a time interval
one-half that of the time interval required for a complete
phase period. The output of multiplier 62 may be limited
to half of the phase period because one-half the phase
period represents the theoretical maximum conduction
angle that will allow the phase current to drop to zero
during the phase period. As the torque demand signal
decreases, the output of the multiplier 62 will correspond
to a time interval that is some fraction of the time interval
required for a complete phase period.

[0054] The output of multiplier 62 is applied to the
PULSE WIDTH input of the edge-triggered monostable
66. The edge-triggered monostable 66 is configured
such that it produces a logic high voltage pulse for atime
interval proportional to the value of the PULSE WIDTH
signal in response to afalling edge occurring atits TRIG-
GER input.

[0055] The TRIGGER inputto edge-triggered monos-
table 66 is coupled to the output of edge-triggered mon-
ostable 64. Edge-triggered monostable 64, like monos-






	Bibliographic Data
	Description
	Claims
	Drawings

