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57 ABSTRACT 

A control circuit (10) for controlling the residual or tail 
current decay in a single phase or polyphase SRM winding 
when a phase is Switched from active to inactive. A Hall 
effect type sensor (30) senses rotor position of the SRM. 
Current flows through a winding (W) of the motor when the 
motor phase winding is active; and, current flow into the 
winding decays to Zero when the phase becomes inactive. 
Semiconductor switches (22) direct current flow into the 
winding when the phase is active and then redirect residual 
energy in the winding between an energy recovery circuit 
and an energy dissipation circuit when the phase becomes 
inactive. A PWM signal generator (44) provides PWM 
operating signals to the Switches to control current flow first 
into the winding and then between the recovery and dissi 
pation circuits. A control module (42), or microprocessor 
(52) with a PWM output, is responsive to rotor position 
information for controlling operation of the PWM signal 
generator. The Signal generator provides PWM Signals hav 
ing one set of Signal characteristics when there is current 
flow to the winding and a different Set of characteristics 
when there is not. This produces alternate intervals of Zero 
Voltage and forced commutation residual current decay 
while the phase is inactive. During the decay interval, both 
the PWM frequency and pulse duty cycle are variable to 
produce a current decay Scheme which eliminates ringing 
and motor noise. 

42 Claims, 4 Drawing Sheets 
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CURRENT DECAY CONTROL IN SWITCHED 
RELUCTANCE MOTOR 

Matter enclosed in heavy brackets appears in the 
original patent but forms no part of this reissue specifi 
cation; matter printed in italics indicates the additions 
made by reissue. 

REISSUE APPLICATION 

This application is a Reissue application of U.S. Pat. No. 
5,446,359, issued On Aug. 29, 1995 from the application Ser: 
No. 08/175,268, filed Dec. 29, 1993. 

BACKGROUND OF THE INVENTION 

This invention relates to switched reluctance (SRM) 
motorS and, more particularly, to a current decay control 
circuit for Such motors. 

Switched reluctance, or SRM motors are well-known in 
the art. One problem with operating these motorS is noise 
caused by the recovery of current in the motor phase 
windings as each phase is Switched at the end of its cycle. 
It will be understood that the current representing the energy 
input of a particular phase is Supplied to the phase windings 
during that phase's active portion of a Switching cycle. AS 
the motor is Switched from one phase to another, the residual 
energy in the deactivated winding decays off. This energy 
typically represents approximately thirty percent (30%) of 
the energy Supplied to the phase winding during its active 
period and is referred to as the “tail decay energy'. Since the 
phase winding is an inductive element, it attempts to main 
tain the current flow through the winding; even though the 
energy must be Substantially dissipated before the winding 
is re-energized during the next phase cycle. Accordingly, the 
decay must be a rapid decay. One effect of this energy 
reduction is the ringing effect which is caused at the tran 
Sition between the active and inactive portions of the phase 
current curve. This can be seen as the abrupt transition in 
Slope in the current curve between the shallow slope repre 
Senting the active portion of the cycle and the Steep slope 
where the current is driving to Zero when the phase becomes 
inactive. The result of this ringing or transfer of forces into 
the motor frame causes noise, and this noise is on the order 
of 50 dBa. 

Commutation circuits are used to control Switching 
between motor phases as a function of various motor oper 
ating parameters. Such circuits typically employ a pulse 
width modulator (PWM). PWM circuits, in addition to 
controlling the application of Voltage to the motor phases 
can also be used to control the residual current decay. These 
circuits operate to control this decay in accordance with a 
defined algorithm. However, it is a drawback of these decay 
control circuits that they use a conventional 100% forced 
commutation decay; and, as Such, they tend to aggravate the 
noise problem. One attempt at decay is Suggested by C. Y. 
Wu and C. Pollock in their paper Analysis and Reduction of 
Vibration and Acoustic Noise in the Switched Reluctance 
Drive; (IEEE Proceedings, Industrial applications Section, 
28th, Annual Meeting, October 1993). The approach 
described in this paper involves a Zero Voltage decay of the 
current in a phase winding, when the phase is Switched “off”, 
over a period equal to one-half the resonant time period of 
the motor, and with a Subsequent forced commutation of the 
remainder of the “off” time. The drawback with this 
approach is that there is but one decay interval divided into 
two Segments. As a result, the degree of control over the 
Slope of the curve as the current is driven to Zero is not as 
flexible in Significantly reducing the noise. 
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2 
While the above approach may be effective, there are 

nonetheless other approaches which may be more effective 
to facilitate tail decay while reducing noise. 

SUMMARY OF THE INVENTION 

Among the Several objects of the present invention may 
be noted the provision of a control circuit for controlling the 
residual or tail current decay in a motor winding; the 
provision of Such a control circuit which controls tail current 
decay So as to lessen motor noise at least 10 dBA from 
current noise levels, the provision of Such a control circuit 
which integrates both hard chopping and Soft chopping 
current decay control techniques, the provision of Such a 
current control circuit which provides both types of chop 
ping using but a Single gate drive; the provision of Such a 
control circuit which is usable with both 2-phase and 
3-phase SRM's such as a 12-6, 2-phase SRM and a 6-4, 
3-phase SRM; the provision of such a control circuit which 
is readily incorporated into a PWM type controller for 
controlling overall average Voltage applied to the respective 
phases of a SRM; the provision of such a control circuit 
which reverses the pulse width characteristics of a PWM 
Signal used to control current flow when a winding phase is 
inactive thereby to help slow the rate at which current goes 
to Zero while the phase is inactive; the provision of Such a 
control circuit employing two Sets of Switches one set of 
which is either activated or deactivated as the motor phases 
are switched and the other set of which is modulated by 
PWM signals; the provision of such a control circuit to 
control both the frequency and/or duty cycle of PWM 
Signals when a phase is Switched from active to inactive 
thereby to better control the slope of the curve of the decay 
current; the provision of Such a control circuit which con 
trols Switching of the winding between energy recovery and 
energy dissipation circuits to drive the residual current to 
Zero; the provision of Such tail current control circuit which 
is additionally effective to help reduce noise in SRM’s 
operating at low speed/high torque conditions where nor 
malized ovalizing forces which also produce noise in SRM’s 
are lower than at high Speed/low torque motor operating 
conditions, the provision of Such a control circuit to employ 
a microprocessor which can produce a wide range of decay 
Schedules based upon particular motor conditions, the pro 
Vision of Such a control circuit which can operate at fre 
quencies at least twice the resonant frequency of the motor; 
and, the provision of Such a control circuit which is a low 
cost, reliable circuit which functions to reduce noise 
throughout the range of SRM operation. 

In accordance with the invention, generally Stated, a 
control circuit is used for controlling residual or tail current 
decay in a single or polyphase SRM. A Hall-effect type 
magnetic Sensor Senses rotor position of the SRM. Current 
flows through the winding when the motor phase repre 
Sented by the winding is active; and, current flow into the 
winding ceases when the phase becomes inactive. Semicon 
ductor Switches direct current flow into the winding when 
the phase is active and also help recover or dissipate residual 
energy in the winding when the phase becomes inactive. 
This is accomplished by Switching the winding between an 
energy recovery circuit and an energy dissipation circuit in 
a defined manner. A PWM signal generator provides PWM 
operating Signals to the Switches to control current flow into 
the winding and its Subsequent recovery or dissipation. A 
PWM control module, or microprocessor with PWM output, 
is responsive to the Hall Sensor for controlling operation of 
the PWM Signal generator. As a result, the Signal generator 
provides PWM signals having signal characteristics which 
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differ between when there is current flow to the winding and 
when there is not. The frequency and duty cycle of the PWM 
Signals when the phase is inactive are variable to control the 
Slope of current decay and reduce motor noise. Other objects 
and features will be in part apparent and in part pointed out 
hereinafter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a graph depicting the current waveform in one 
phase of a SRM and illustrates tail current decay in the 
current waveform; 

FIGS. 2A and 2B are graphs of SRM phase current and 
Voltage waveforms respectively and illustrate a Soft chop 
ping operation of a current controller for the SRM; 

FIGS. 3A and 3B are graphs similar to FIGS. 2A and 2B 
but for hard chopping operation of the current controller; 

FIGS. 4A-4C illustrate a gate signal used for soft chop 
ping during the power “on” portion of a SRM phase (FIG. 
4A), as well a simplified schematic of the circuit for both the 
power “on” (FIG. 4B), and power “off” or current decay 
portions (FIG. 4C) of the phase; 

FIGS. 5A-5C represent an inverted gate signal used 
during the phase “off” mode of motor operation (FIG. 5A) 
and simplified schematics of soft chop (FIG. 5B) and hard 
chop (FIG. 5C) circuits for current decay; 

FIG. 6 is a schematic of a first embodiment of a tail 
current decay control circuit of the present invention; 

FIG. 7A is a Schematic of a portion of the Signal gener 
ating modules for producing operating Signals used to pro 
vide hard and Soft chopping of the tail current; 

FIG. 7B represents a microprocessor with PWM output 
capability for producing operating Signals used to provide 
the hard and Soft chopping; 

FIG. 8 is a graph similar to FIG. 1 and represents a prior 
art tail current decay Scheme; 

FIG. 9A is another graph similar to FIG. 1 and represents 
the tail current decay Scheme as implemented by the present 
invention, and FIG. 9B represents an enlarged portion of the 
tail current decay; 

FIG. 10 is a graph illustrating the reduction in motor 
ringing achievable with the present invention; and, 

FIGS. 11A-11D represent various PWM frequency and 
duty cycle combinations by which current decay is con 
trolled. 

Corresponding reference characters indicate correspond 
ing parts throughout the drawings. 

DESCRIPTION OF PREFERRED 
EMBODIMENTS 

Referring to the drawings, a Switched reluctance motor 
(not shown) is a motor having 1,2,3,4, or 5 phases and is 
typically a multiple pole motor. Examples of Such motors are 
a 12-6, 2-phase motor, or a 6-4, 3-phase motor. In operation, 
each respective phase is energized and de-energized in a 
Sequential manner. The length of time each phase is active 
is based on various operating parameters and various control 
Schemes have been implemented to determine when Switch 
ing should occur from one phase to the next. During the 
interval a phase is active a phase winding W of that phase 
is Supplied current. An idealized current profile for the 
winding is shown in FIG.1. AS depicted in the graph, power 
to the phase (current to the winding) commences at time To. 
Current is then applied to winding W until a time T at which 
time the particular phase is deactivated or de-energized. AS 
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4 
indicated in FIG. 1, there is a significant amount of energy 
in winding Wat this time, and this residual energy must now 
be recovered or dissipated prior to the phase being reacti 
vated. The current flow which occurs through the phase at 
this time is a Zero volt, tail current decay flow of current and 
the current flow takes place during the interval from T-T. 
As shown in FIG. 1, when current input into the phase 

stops at time T, the slope of the curve is relatively shallow. 
However, the slope of the curve as the tail current is driven 
to Zero is very Steep. It is known that as the rotor teeth of a 
motor Sweep past the motor's Stator teeth, a deflection is 
caused by the OValizing forces generated within the motor. 
When this deflection is accompanied by the abrupt transition 
in energy which occurs at time T, the result is a pronounced 
ringing which is shown by the solid line curve in FIG. 10. 
This ringing produces noise. There are two ways of reducing 
the residual or tail current to Zero. One Such way is to reduce 
the current gradually; i.e., try to create a shallow slope of the 
curve from T to T. The other way is to drive the current 
down abruptly; i.e., to effect a steep curve. The first tech 
nique is referred to as Soft chopping and the latter as hard 
chopping. The problem with using Soft chopping exclusively 
is that although it results in leSS noise, it takes too long. 
Residual current cannot reach zero before time T. The 
problem with hard chopping is that although current is 
driven to Zero by time T, this approach creates the ringing 
referred to above. 

In FIG. 2A, a current waveform similar to that shown in 
FIG. 1, shows current chopped in accordance with the “soft” 
chopping technique. That is, a pulse width modulated Signal 
having an amplitude range of 0 V.---Vv. is applied to the 
phase current. It will be noted that a ripple is produced on 
the current even during the active portion of the phase. 
Again, a drawback with this approach is the very slow rate 
at which current is driven to Zero. 

In FIGS. 3A and 3B, the approach known as “hard” 
chopping is represented. AS shown in FIG. 3B, hard chop 
ping differs from Soft chopping in that the pulse width 
modulated Signal has an amplitude ranging from -Vv.---Vv. 
Application of this signal to the phase has the effect of 
driving the current toward Zero faster than is possible with 
the Soft chopping Signal approach. However, a greater ripple 
is imposed on the current Supplied to the phase winding even 
during the active portion of the phase; and, the forces 
produced by this increased down driving of the current 
increases motor noise. 
A third approach is shown in FIG. 8 and reflects the 

approach by Messers Wu and Pollock in their paper referred 
to above. AS before, current is applied to a phase winding W 
from time To T. From time T to a time T, current is 
allowed to Zero volt decay (i.e., there is no signal applied to 
the phase to drive the current toward Zero) which corre 
sponds to Soft chopping. From time T to time T, a forced 
commutation signal is applied to the phase to complete 
driving the current to Zero. This corresponds to hard chop 
ping. The interval from T-T is a period equal to one-half 
the resonant time period of the motor. The effect of this 
approach is to make the slope of the curve from time T-T 
shallower than would occur if the current were merely hard 
chopped to Zero. This has the effect of reducing the ringing. 
After this initial period, the current is hard driven to Zero. 
However, because Some of the energy in the phase is 
dissipated by the time hard driving occurs, the noise pro 
duced by the ringing is leSS pronounced. While beneficial, 
this approach is limited because there is only one Soft 
driving and one hard driving period within the interval 
T-T. This limits the degree of control which could be 
effected to further reduce ringing and noise. 



Re. 36,568 
S 

A circuit of the present invention for controlling residual 
or tail current decay in a phase winding W of a polyphase 
SRM is indicated generally 10 in FIG. 6. It will be under 
stood that while the following description relates to tail 
current decay control for one motor phase, circuit 10 is 
operable with respect to all motor phases. AS described, 
current and Voltage are applied to the phase winding during 
each interval when the phase is active, the Voltage and 
current being cut-off from the phase winding when the phase 
becomes inactive. The remaining energy in the phase wind 
ing is then recovered or dissipated depending upon a circuit 
configuration in which the winding is connected. A first 
circuit configuration includes the bus capacitor C, which is 
connected to phase winding W when the phase is inactive, 
to recover energy from the phase winding. The capacitor is 
connected in parallel with a Series connected resistor and 
capacitor R1 and C2. These circuit elements are also parallel 
connected with a resistor R2. Resistor R1 is, for example, a 
10 ohm resistor, resistor R2 a 100K ohm resistor, and 
capacitor C2 a 0.22 microfarad capacitor. Resistor R2 is 
used to trickle down energy in the capacitor C when the 
drive is off. Resistor R1 and capacitor C2 form a high 
frequency filter against Voltage Spikes which otherwise 
cause noise in the circuit. 

In FIG. 6, winding W is shown connected between rails 
L1 and L2 via diodes D1 and D2. The diodes and winding 
form a forced commutation or energy dissipation loop when 
Switches of a Switch means 16 are open. Lines L1 and L2 are 
connected across the output of a full-wave bridge rectifier 12 
which is used to rectify the 115VAC input to the motor. The 
bridge output and bus capacitor are commonly connected at 
respective nodes 14a and 14b. 
To further help in understanding tail current decay, FIG. 

4A illustrates a PWM gate signal in which the “on” interval 
of the signal is substantially less than the “off” portion of the 
Signal. During the “on” portion, a d.c. Voltage is applied to 
the phase winding W (see FIG. 4B). During the “off” portion 
of the Signal, no voltage is applied to the winding. Rather, 
during this interval, the winding is connected in a closed 
loop circuit with a diode D1 (see FIG. 4C) to produce a zero 
Voltage current decay of the current impressed acroSS the 
winding. In FIG. 5A, the Signal used to produce tail current 
decay in the phase is also a PWM signal. Now, the “on” 
interval of the pulse is longer than the “off” interval. During 
the longer “on” interval, a Switch S1 is closed to allow the 
winding W current to circulate through diode D1. During the 
“off” interval of each pulse, respective Switches S1 and S2 
on opposite Sides of the winding are open. The winding is 
now connected through two diodes D1 and D2 to a bus 
capacitor C which is associated with the upper rail of the 
power input to the motor. Capacitor C is a Storage capacitor 
which is charged with the tail decay current. With respect to 
FIGS. 5B and 5C, FIG. 5B represents a soft chopping circuit 
configuration, and FIG. 5C a hard chopping circuit configu 
ration. 

Next, circuit 10 includes the Switch means 16 for con 
necting phase winding W into a circuit including capacitor 
C when the phase becomes inactive. Switch means 16 
includes respective first and second sets 18, 20 of Switches 
with set 18 of Switches being connected on one side of the 
phase winding and the set 20 of Switches on the other side 
thereof. Both sets of Switches are comprised of two semi 
conductor Switches which are shown in FIG. 6 to be MOS 
FET's 22. It will be understood that other semiconductor 
Switches could also be used without departing from the 
Scope of the invention. In each Set of Switches, the pair of 
Switches is connected in parallel, this being done to increase 
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6 
Switching capability. Also, each MOSFET has a gate circuit 
which includes a resistor R3 connected in parallel with a 
diode D3. Each resistor R3 is, for example, a 100 ohm 
resistor. The inputside of each pair of gate input elements is 
connected together at respective nodes 24a, 24b. AS is 
described hereinafter, input Signals to each Set of Switches is 
Supplied through modes 24a, 24b. 
A Sensing means 28 is provided for Sensing the motors 

rotor position. Means 28 includes a Hall effect sensor 30 
which operates in the conventional manner. Each Set of 
Switches has an associated power supply 32, 34. Hall effect 
sensor 30 is connected to the power supply 34 which is 
associated with set 20 of Switches. Both power supplies are 
Similar in configuration. Each power Supply includes a step 
down transformer 36 one side of which is connected to the 
115 VAC input power. Rectifying diodes D4 are connected 
acroSS the output Side of the transformer and are commonly 
connected at respective nodes 38a, 38b. The transformed, 
rectified input Voltage is then impressed across a Zener diode 
Z1 through a resistor R4. The Zener diode clamps to the 
input voltage to the Sets of Switches to 18 V., for example. 
A filter capacitor C3 is connected in parallel acroSS each 
Zener diode. The resultant Voltage output of power Supply 32 
is connected to the gate-Source portion of the respective 
MOSFET's 22 of switch set 18, one side of capacitor C3 
being connected to node 24a on the gate input Side of the Set 
through a resistor R5. One side of capacitor C3 of power 
supply 34 is connected to an integrated circuit (IC) 40 of a 
control means 42 which controls routing of operating Signals 
which are generated as described hereinafter. The other Side 
of this second capacitor C3 is connected to the node 24b of 
Switch set 20 again through a resistor R5. 

Referring to FIGS. 6 and 7A, a signal generating means 
44 provides operating Signals to Switch means 16 to Switch 
phase winding Winto the circuit including bus capacitor C. 
As shown in FIG. 7A, means 44 includes two interconnected 
model number 555, IC timing chips 46a, 46b. Means 44 is 
connected across nodes 48,50 of power supply 34 to provide 
power to the chips. Chip 46a has pins 1 and 5 which are 
connected together through a capacitor C4. Pins 1 and 8 of 
the chip are connected to one side of the power input at a 
node 52a, pin 1 being So connected through a capacitor C5. 
A Voltage divider network comprising a resistor R6, poten 
tiometer P1, and capacitor C6 extends across the power lines 
to Signal generating means 44. Pin 6 of chip 46a is connected 
to one Side of the potentiometer, with pin input 7 being 
connected to the wiper arm of the potentiometer. A diode D5 
is connected acroSS these two pins. Pin 3 of the chip is 
connected to the base of a transistor Q1 through a resistor 
R7. Pins 2 and 6 are commonly connected as are pins 4 and 
8. The output of transistor Q1 is connected to pin 2 of chip 
46b. This pin is also connected to the one side of the power 
to the Signal generating means through a resistor R8. AS with 
chip 46a, pins 1 and 8 of chip 46b are connected to one side 
of the power input of the Signal generating means through a 
capacitor C7. Pin 1 is also connected to pin 5 through a 
capacitor C8. Pin 7 has as its input the voltage derived from 
a Voltage divider comprising a resistor R9 and a potentiom 
eter P2. The Pin 6 of the chip is connected to the other side 
of the power input through a capacitor C9. Finally, pins 6 
and 7 are tied together as are pins 2 and 4. 

Signal generating means 46 functions as a pulse width 
modulation signal generator whose output from pin 3 of chip 
46b is supplied as an input of an IC50 of control means 42. 
Alternatively, the operating Signal can be produced by a 
microprocessor 52 as shown in FIG. 7B. Microprocessor 52 
is programmed to control the pulse width modulation of the 
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signal produced by means 44 as a function of various SRM 
operating parameterS Such as motor Speed, torque, etc. The 
microprocessor is programmed with an algorithm which 
incorporates various monitored parameters into a calculation 
which determines desired characteristics (frequency, duty 
cycle, amplitude, etc.) of the operating signal Supplied to the 
control means. 

Control means 42 is responsive to current Sensing means 
28 to control the operation of Signal generating means 44. 
Both chips 40 and 50 are 14 pin chips; chip 40 having the 
model designation CD4001, and chip 50 the designation 
CD4011 BE. The operating Signal output of Signal generating 
means 44 or 52 is Supplied to control means 42 as an input 
to pin 13 of chip 50. The power to the chips is provided from 
node 48a to pin 14 on each chip, and from node 48b to pin 
7 of each chip, Hall effect sensor 30 provides an input to 
commonly connected pins 8 and 9 of chip 50 and to the 
normally open contact 54 of a Switch 56. If desired, Switch 
56 can be used to disengage the current control means 
controlling operation of circuit 10. 

In addition to Supplying its output to control means 42, the 
output of sensor 30 is also provided to the base of a transistor 
Q2 through the a base biasing network comprising resistors 
R9-R11. Transistor Q2, in turn, provides an input to an 
opto-isolator means 58 through a resistor R12. Means 58 
includes a model 4N35 type isolator 60 one side of which 
draws power from power Supply means 32 through a resistor 
R13. The opto-isolator controls Switching of a transistor Q3 
through a biasing resistor R14. The state of transistor Q3 
controls application of power to set 18 of MOSFETswitches 
22. Switch set 18 is operated so that the Switches are either 
“on” or “off”. The Switches are turned “on” when the phase 
is active, and “off” when the phase is inactive. 

Control means 42 is responsive to the output of the Hall 
effect Sensor to modify the Signal characteristics of the 
operating Signals provided by means 44 So these signals 
have one set of Signal characteristics when the phase is 
active, and a different Set of characteristics when the phase 
is inactive. Operation of control means 42 is that in response 
to the Hall effect Sensor indicating the phase has become 
inactive, the control means reverses the duty cycle of the 
operating Signal. Thus, if the operating Signals, when the 
phase is active, is “on” 10% of a pulse period and “off” 90%, 
when the Hall Sensor indicates the phase is now inactive, the 
indication provided to pins 8 and 9 of chip 50 results in the 
control means providing an operating Signal which is “on” 
90% of the time, and “off” 10%. When the phase again 
becomes active, the Hall Sensor output causes a reversal 
back to the initial duty cycle conditions. It will be under 
stood that the relative “on/off periods at any one time may 
differ from those at a different period. Also, the micropro 
ceSSor can override operation of the control circuit So that 
under certain defined motor conditions (a period range of 
motor Speeds, for example) the control means will produce 
a particular set of characteristics So when the “on/off 
periods are reversed, the resulting operating Signal Still has 
desired characteristics. 

The inverted PWM operating signal is produced at pin 3 
of chip 40. This signal is applied to the base of a transistor 
Q4 through a base resistor R15. The ouput of this transistor 
is supplied to node 24-bat the gate input of the MOSFET's 22 
of Switch Set 20. Because the operating Signal has “on” and 
“off” portions, it effectively modulates the elements of 
Switch Set 20 So they alternately provide a hard chopping and 
a Soft chopping interval of tail current decay. Accordingly 
the Zero Voltage, current chopping dissipation of the tail 
current is effected with a Single Set of Switches producing 
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8 
both the hard chopping and Soft chopping decay Strategies 
described above. This is shown in FIGS. 10A and 10B. At 
time T, there is an initial Zero Voltage Soft chopping 
interval, followed by a shorter duration hard chopping 
interval. AS Seen in FIG. 9A, this process is repeated as the 
tail current is driven to Zero. The longer Soft chopping 
interval corresponds to the longer “on” interval of the 
operating Signal, and the shorter hard chopping interval to 
the shorter “off” period. It will be understood that the 
relative intervals shown in FIGS. 9A and 9B are illustrative 
only. 

It will be appreciated from the above discussion that one 
Set of operating characteristics of circuit 10 is a reversal of 
duty cycle of the operating signal for a specified PWM 
frequency. However, with microprocessor 52 generating 
PWM signals it is possible to vary either the duty cycle, 
frequency, or both within the tail current decay time. Refer 
ring to FIGS. 11A-11D examples are presented in which the 
duty cycle or frequency, or both is varied So that the Soft 
chopping and hard chopping portions of an interval are 
controlled over the several intervals during which the 
residual current decays to zero. The ability to vary both 
frequency and duty cycle is important because it provides a 
greater degree of control over the current slope which 
permits better noise control over the motor during residual 
current decay. In the control scheme of FIG. 11A, there is a 
constant duty cycle of the PWM operating signal during 
each interval I. Accordingly, the “on” portion of each duty 
cycle is constant throughout the current decay period T-T. 

In FIG. 11B, the interval I is constant; however; the duty 
cycle is varied from one interval to the next. This, for 
example effects a Soft chopping portion which gets progres 
Sively shorter during Succeeding intervals while the hard 
chopping portion becomes progressively longer. 

In FIG. 11C, the intervals are variable in duration so that 
interval I, is longer the interval I, etc. However, the duty 
cycle is constant So that even though the Soft and hard 
chopping portions of each interval are of different lengths, 
this ratio is constant over the entire current decay period. 

Finally, in FIG. 11D, both the interval I and duty cycle of 
the PWM operating signals are variable. As noted, the 
particular PWM characteristics selected to control current 
decay are a function of the particular SRM operating con 
ditions and as Such the chosen Set of characteristics may be 
employed each time the phase become inactive, or a differ 
ent Set may be chosen each time. 

Regardless of the actual intervals at which hard chopping 
and Soft chopping occur, the frequency of the Signals may be 
at least twice the resonant frequency of the motor. This 
prevents noise from being created due to harmonics within 
the motor frame. It has been found that the effect of circuit 
10, in addition to efficiently producing tail current decay is 
to reduce the motor noise by approximately 10 dBA from a 
level of Some 50 dB. Further, it has been found that circuit 
10 is usable with a variety of SRM's, including 2-phase and 
3-phase SRM's. 
What has been described is a control circuit for control 

ling tail current decay in a SRM. The circuit operates to 
control tail current decay So as to lessen motor noise at least 
10 dB from the 50 dB levels currently found in SRM's. As 
shown by the dashed line curve in FIG. 10, the motor ringing 
which occurs when circuit 10 is used is substantially reduced 
from the previous level of ringing. To accomplish this, the 
control circuit combines both hard chopping and Soft chop 
ping current decay control techniques, doing So with but a 
Single gate drive. The control circuit is uSable with both 
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2-phase and 3-phase SRM’s including 12-6, 2-phase SRM’s, 
and 6-4, 3-phase SRM's. The control circuit is readily 
incorporated into a PWM type controller for controlling 
overall phase Switching between the respective phases of a 
SRM. As part of its operation, the control circuit which 
reverses the pulse width of generated PWM signals used to 
control current flow when a phase is inactive, this helping 
drive the tail current to zero while the phase is inactive. The 
control circuit employs two Sets of Switches; one Set being 
either activated or deactivated as the motor phases are 
Switched, and the other set of which is modulated by PWM 
Signals. It is a feature of the control circuit to reverse the 
“on” and “off” portions of the PWM signals when a phase 
is Switched from active to inactive. The control circuit 
Switches the phase winding into a path including a bus 
capacitor which is charged by the tail current using the 
PWM modulation of the Switches. The tail current control 
circuit is particularly effective in reducing noise in SRM’s 
operating at low Speed/high torque because normal ovalizing 
forces which produce noise in SRM’s are lower at high 
Speed motor operation. This is because the control circuit 
varies both frequency and duty cycle to effect a desired Soft 
chopping/hard chopping Strategy. Also, the control circuit 
operates at a frequency at least twice the resonant frequency 
of the motor. Finally, the control circuit provides a low cost, 
reliable way of reducing noise throughout the range of SRM 
operation. 

In view of the foregoing, it will be seen that the several 
objects of the invention are achieved and other advantageous 
results are obtained. 

AS Various changes could be made in the above construc 
tions without departing from the Scope of the invention, it is 
intended that all matter contained in the above description or 
shown in the accompanying drawings shall be interpreted as 
illustrative and not in a limiting Sense. 

Having thus described the invention, what is claimed and 
desired to be secured by Letters Patent is: 

1. A circuit for controlling residual current decay in a 
Single or polyphase SRM comprising: 

Sensing means for Sensing the position of a rotor of the 
motor, 

Switch means for directing current flow into a phase 
winding of the motor when the phase is active and for 
recovering or dissipating energy in the winding when 
the phase is inactive, the Switch means comprising a 
first Set of Switches and a Second Set of Switches, Said 
Sets of Switches being on respective sides of the phase 
winding with one Set of Switches being activated when 
the phase is active, and deactivated when the phase is 
inactive; 

Signal generating means providing an operating Signal to 
the Switch means to control current flow and recovery 
or dissipation, the Signal generating means including a 
PWM signal generator whose output signal pulse width 
and frequency are a function of the SRMS operating 
characteristics, the Second Set of Switches being modul 
lated by operating Signals from the Signal generating 
means whereby operation of the Second Set of Switches 
is controlled as a function of the Signal characteristics 
of the operating Signal; 

a capacitor connected in Series with the phase winding 
and charged by the current in the phase winding when 
the phase becomes inactive thereby to recover a portion 
of the energy; and 

control means responsive to the Sensing means for con 
trolling the Signal generating means for the Signal 
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10 
generating means to provide operating Signals having 
operating characteristics which differ when a phase is 
active and when it is not, thereby to facilitate energy 
recovery or dissipation when the phase becomes 
inactive, the control means effecting both frequency 
and/or duty cycle of the operating Signals to control the 
rate of decay of the current and consequently motor 
noise, the control means being responsive to inputs 
from the Sensing means when the phase becomes 
inactive to reverse the pulse width of the PWM oper 
ating Signals produced by the Signal generating means 
from those which are produced when the phase is 
active. 

2. The circuit of claim 1 wherein the control means drives 
the Signal generating means to produce an operating Signal 
which provides a Soft chopping of the tail current during one 
portion of a pulse cycle, and a hard chopping the remainder 
of the cycle. 

3. The circuit of claim 2 further including gate means to 
which the PWM signal is supplied, the gate means deriving 
control signals for each set of Switches from the PWM 
Signals produced by the Signal generating means to deacti 
Vate the first Set of Switches when the phase is inactive and 
to modulate Switching of the Second Set of Switches in 
accordance with the PWM signal characteristics. 

4. The circuit of claim 1 wherein the first and second set 
of Switches each comprise a pair of Semiconductor Switches 
connected in parallel. 

5. The circuit of claim 4 further including power supply 
means for each Set of Switches, each power Supply means 
including transformer means for Stepping down the line 
Voltage Supplied to the SRM, and Voltage regulator means 
for regulating the Stepped down Voltage. 

6. The circuit of claim 1 further including rectification 
means for full-wave rectifying the phase Voltage to the 
winding. 

7. The circuit of claim 1 wherein the sensing means 
comprises a Hall effect Sensor. 

8. The circuit of claim 1 wherein the control means 
includes a microprocessor which receives inputs concerning 
the SRMS operating characteristics and controls the Signal 
characteristics of the operating Signal produced by the Signal 
generating means as a function of these inputs. 

9. Apparatus for controlling tail current decay in a wind 
ing of a single or polyphase SRM, current and Voltage being 
applied to the winding during each interval when the phase 
is active, the Voltage and current being cut-off from the 
winding when the phase becomes inactive with the energy in 
the winding being recovered or dissipated under a Zero volt 
condition, the apparatus comprising: 

a bus capacitor for Storing energy recovered from the 
winding, 

Switch means for connecting the phase winding into a 
circuit including the capacitor when the phase becomes 
inactive, the Switch means including respective first 
and Second Sets of Switches with one set of Switches 
being connected on one side of the winding and the 
other set of Switches on the other side thereof; 

power dissipation means Series connected with the wind 
ing; 

Sensing means for Sensing the position of a rotor of the 
motor, 

Signal generating means providing an operating Signal to 
the Switch means to alternately Switch the winding into 
a circuit including the bus capacitor and a circuit 
including the power dissipation means, the operating 
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Signals being used to modulate the State of one of the 
Sets of Switches to provide both a hard chopping and a 
Soft chopping of the current; and, 

control means responsive to the Sensing means for con 
trolling operation of the Signal generating means for the 
Signal generating means to provide operating Signals 
having one set of Signal characteristics when a phase is 
active, and a different Set of characteristics when the 
phase is inactive So to produce the Zero Voltage, energy 
recovery and dissipation of the tail current, the control 
means controlling both the frequency and duty cycle of 
the operating Signals to effect the recovery and dissi 
pation of the tail current and reduce motor noise. 

10. The apparatus of claim 9 wherein the control means 
controls the Signal generating means to maintain one of the 
Sets of Switches closed during the tail current decay period 
and Switch the other set of Switches between their open and 
closed positions at a rate controlled by the pulse width of the 
operating Signals Supplied to this said other Set of Switches, 
the tail decay current being Soft chopped when the Said other 
Set of Switches are closed, and hard chopped when the Said 
other Set of Switches are open. 

11. The apparatus of claim 10 wherein the Signal gener 
ating means includes a PWM Signal generator whose output 
Signal pulse width and frequency are a function of the 
SRMS operating characteristics, the control means being 
responsive to inputs from the Sensing means when the phase 
becomes inactive to reverse the duty cycle of the PWM 
operating Signals produced by the Signal generating means 
from those which are produced when the phase is active. 

12. The apparatus of claim 11 further including gate 
means for each set of Switches to which the PWM signals are 
Supplied, the gate means deriving control signals for each 
respective set of Switches from the PWM signals to deacti 
Vate the first Set of Switches when the phase is inactive and 
to modulate Switching of the Second set of Switches in 
accordance with the PWM signal characteristics. 

13. The apparatus of claim 9 wherein the Sensing means 
comprises a Hall effect Sensor. 

14. The apparatus of claim 9 wherein the control means 
includes a microprocessor which receives inputs concerning 
the SRMS operating characteristics and controls the Signal 
characteristics of the operating Signal produced by the Signal 
generating means as a function of these inputs, the micro 
processor adjusting both the frequency and duty cycle of the 
PWM signals. 

15. A method for controlling tail current decay in a phase 
winding of a Single or polyphase SRM, current and Voltage 
being applied to the phase winding during each interval 
when the phase is active with the Voltage and current being 
cut-off from the phase winding when the phase becomes 
inactive, the energy in the phase winding when the phase 
becomes inactive having to be recovered or dissipated under 
a Zero volt condition, the method comprising: 

Switching the phase winding into a circuit including a bus 
capacitor which Stores current to recover energy while 
the phase is inactive, Switching the phase winding into 
the circuit including Switching respective first and 
Second Sets of Switches, one Set of Switches being 
connected to one side of the phase winding and the 
other Set of Switches being connected on the other Side 
thereof; 

alternately Switching the winding into an energy dissipa 
tion circuit to dissipate a portion of the energy, the 
winding being Switched back and forth between the 
respective circuits over a plurality of intervals So to 
decay the current in a controlled manner; 
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12 
Sensing the rotor position of the motor while the phase is 

inactive; 
generating and Supplying an operating Signal to the 

Switches to effect Switching of the phase winding 
between the bus capacitor circuit and the energy dis 
Sipation circuit; and, 

modulating the operation of one of the Sets of Switches 
with the operating Signals whereby one Set of Switches 
remains closed throughout the interval when the phase 
is inactive and the other set of Switches is Switched 
back and forth between open and closed at a modulat 
ing frequency determined by the Signal characteristics 
of the operating Signal for the tail current to be hard 
chopped during each interval when both Sets of 
Switches are closed, and Soft chopped during each 
interval when the one set of Switches is closed and the 
other Set of Switches is open thereby to provide a Zero 
Volt current decay which is controlled So as to minimize 
motor noise. 

16. The method of claim 15 wherein generating an 
operating Signal includes generating a PWM Signal the pulse 
width and frequency of which are a function of the SRM’s 
operating characteristics. 

17. The method of claim 16 wherein modulating operation 
of the one set of Switches includes reversing the duty cycle 
of the PWM operating Signals produced by a signal gener 
ating means from that which the operating Signals have 
when the phase is active. 

18. The method of claim 16 wherein sensing the rotor 
position includes Sensing with a Hall effect Sensor. 

19. The method of claim 15 further including controlling 
the Signal characteristics of the operating Signals with a 
microprocessor receiving inputs concerning the SRMS 
operating characteristics. 

20. A method of decaying the residual current in a 
winding of a Single or polyphase SRM, current being 
Supplied to the winding when the phase is active and the 
residual current being the current remaining in the winding 
when the phase become inactive, the method comprising: 

Switching the winding between a first circuit which is an 
energy recovery circuit to recover a portion of the 
energy represented by the residual current and a Second 
circuit which is an energy dissipation circuit which 
dissipates a portion of the energy represented by the 
residual current; 

controlling the Switching of the winding between the 
energy recovery and energy dissipation circuits in a 
controlled manner by which the residual current is 
decayed to Zero So as to cause minimal ringing in the 
motor and thereby reduce motor noise, controlling 
Switching of the winding including Switching the wind 
ing between the circuits over a plurality of intervals 
with the winding being Switched into one circuit for a 
portion of each interval and into the other circuit the 
remainder of the interval, both the duration of each 
interval and the portion thereof in which the winding is 
Switched into one circuit or the other being variable in 
a predetermined manner. 

21. The method of claim 20 wherein controlling Switching 
of the winding between the respective circuits involves 
controlling at least one Switch used to accomplish Switching 
of the winding with PWM operating signals, the frequency 
and duty cycle of the PMW signals being variable to vary 
either the length of each interval during which the winding 
is connected to both of the respective circuits and the portion 
of each interval in which the winding is connected in one 
circuit or the other, the duty cycle of the PWM signals, or 
both. 
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22. A circuit for controlling residual current decay in a 
Single or polyphase SRM comprising: 

Switches for directing current flow into a phase winding of 
the motor when the phase is active and for recovering 
Or dissipating energy in the winding when the phase is 
inactive, 

a PWM Signal generator providing an operating Signal to 
the Switches to control current flow and recovery or 
dissipation of residual current, 

a capacitor connected in Series with the phase winding 
and charged be the current in the phase winding when 
the phase becomes inactive thereby to recover a portion 
of the energy, and 

control means for controlling the Signal generated by the 
PWM Signal generator to provide operating Signals 
having operating characteristics which differ when a 
phase is active and when it is not, thereby to facilitate 
energy recovery or dissipation when the phase becomes 
inactive, the control means reversing the pulse width of 
the operating Signals produced by the PWM Signal 
generator when the phase becomes inactive from the 
pulse width of the Operating Signals which are pro 
duced when the phase is active. 

23. Apparatus for controlling tail current decay in a 
winding of a single or polyphase SRM, current and voltage 
being applied to the winding during each interval when the 
phase is active, the voltage and current being cut off from the 
winding when the phase becomes inactive with the energy in 
the winding being recovered or dissipated under a zero volt 
condition the apparatus comprising: 

a capacitor for Storing energy recovered from the wind 
ing, 

Switches for connecting the phase winding into alternate 
circuit configurations when the phase becomes inac 
tive, 

power dissipation means connected with the winding, 
a Signal generator providing an Operating Signal to the 

Switches to alternately Switch the winding into a circuit 
including the capacitor and a circuit including the 
power dissipation means, the Operating Signals being 
used to modulate the State of the Switches to provide 
bOth a hard chopping and a Soft chopping of the 
current, and 

control means for controlling operation of the Signal 
generator to provide Operating Signal having One Set of 
Signal characteristics when a phase is active and a 
different set of characteristics when the phase is inac 
tive SO to produce the zero voltage, energy recovery and 
dissipation of the tail current, the control means con 
trolling both the frequency and duty cycle of the oper 
ating Signals to effect the recovery and dissipation of 
the tail current and reduce motor noise. 

24. A method for controlling tail current decay in a phase 
winding of a single or polyphase SRM, current and voltage 
being applied to the phase winding during each interval 
when the phase is active, with the voltage and current being 
cut-off from the phase winding when the phase becomes 
inactive, the energy in the phase winding when the phase 
becomes inactive having to be recovered or dissipated under 
a zero volt condition, the method comprising: 

Switching the phase winding into a recovery circuit 
including a capacitor to recover energy while the phase 
is inactive, 

alternately Switching the winding into an energy dissipa 
tion circuit to dissipate a portion of the energy while the 
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phase is inactive the winding being Switched back and 
forth between the energy recovery circuit and the 
energy dissipation circuit Over a plurality of intervals 
SO to decay the current in a controlled manner; 

generating and Supplying an Operating Signal to control 
Switching of the phase winding between the energy 
recovery circuit and the energy dissipation circuit, and 

modulating the operation of the Switches with the oper 
ating Signals to provide repeated intervals of zero volt 
current decay which are controlled SO as to minimize 
motor noise. 

25. A circuit for controlling residual current decay in a 
winding of a Switched reluctance machine to reduce 
machine noise, the circuit comprising: 

a DC voltage Source providing a DC voltage, the DC 
voltage Source defining positive and negative DC rails, 

a phase winding, the phase winding having first and 
Second ends, 

a Switching circuit including a first Switching device 
coupled to the positive DC rail and to the first end of 
the phase winding and a Second Switching device 
coupled to the negative DC rail and to the Second end 
of the phase winding, wherein the first and Second 
Switching devices are controlled to: (i) electrically 
couple the phase winding acroSS the DC voltage Source 
Such that the negative of the DC voltage provided by 
the DC voltage Source is applied acroSS the phase 
winding, or (ii) electrically isolate at least One end of 
the chase winding from the DC voltage Source Such that 
the volume acroSS the phase winding is approximately 
zero, and 

a control circuit coupled to the Switching circuit for con 
trolling the first and Second Switching devices such that the 
voltage applied to the phase winding during the interval of 
residual current decay compriseS repeated periods of dif 
fering voltage levels having a magnitude that is Selected 
from at least One of the following values: (i) the negative of 
the DC voltage provided by the DC voltage Source, or (ii) 
the voltage established by connecting the phase winding in 
a closed-loop circuit hit a Semiconductor device. 

26. A method of reducing the amount of noise produced by 
a Switched reluctance machine, the Switched reluctance 
machine having a plurality of phase windings, the method 
comprising the Steps of 

actively energizing a first phase windingS Such that the 
current in the first phase winding begins to increase 
from zero to a peak positive value over a first interval; 
and 

controlling the decay of the current in a second phase 
winding over the first interval by applying a plurality of 
periods of differing voltage levels to the Second phase 
winding over the first interval, where the voltage levels 
have a magnitude Selected from the group of a nega 
tive DC voltage or the voltage resulting from connect 
ing the Second phase winding in a closed-loop circuit 
with a Semiconductor device, 

wherein the application of the plurality of periods of 
differing voltage levels applied to the Second phase 
winding is controlled to reduce the amount of noise 
produced by the machine. 

27. The method of claim 26 wherein plurality of periods 
of differing voltage levels applied to the Second phase 
winding includes periods of voltage levels having a negative 
DC voltage magnitude and period, of voltage levels having 
a magnitude established by connecting the Second phase 
winding in a closed-loop circuit with a Semiconductor 
device. 
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28. The method of claim 26 wherein: (i) the Switched 
reluctance machine includes at least One resonant frequency, 
and (ii) the Step of controlling the decay of the current in the 
Second phase winding Over the first interval by applying a 
plurality of periods of differing voltage levels to the Second 5 
phase winding includes the Step of applying the plurality of 
periods of differing voltages at a frequency that is at least 
twice the resonant frequency of the machine. 

29. The method of claim 26 wherein the Step of 
controlling, the decay of the current in the Second phase 10 
winding over the first interval by applying a plurality of 
periods of differing voltage levels to the Second phase 
winding includes the Step of varying the frequency at which 
the plurality of periods of differing voltage are applied to the 
Second phase winding. 

30. The method of claim 26 wherein the Step of controlling 
the decay of the current in the Second phase winding over the 
first interval by applying a plurality of periods of differing 
voltage levels to the Second phase winding includes the Step 
of varying the duty cycle of the plurality of periods of 20 
differing voltages applied to the Second phase winding. 

31. The method of claim 26 wherein the Step of controlling 
the decay of the current in the Second phase winding over the 
first interval by applying a plurality of periods of differing 
voltage levels to the Second phase winding includes the Steps 25 
of: (i) varying the frequency at which the plurality of periods 
of differing voltage are applied to the Second phase winding, 
and (ii) varying the duty cycle of the plurality of periods of 
differing voltage applied to the Second phase winding. 

32. A method of reducing the amount of noise produced by 
a Switched reluctance machine, the Switched reluctance 
machine having at leaSt One phase winding, the method 
comprising the Steps of 

actively energizing a first phase winding Over a first 
interval Such that the current in the first phase winding 
reaches a peak positive value, and 
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controlling the decay of the current in the first phase 
winding over a second interval following the first 
interval by applying a plurality of periods of differing 
voltage levels to the first phase winding over the Second 
interval, where the periods of differing voltage levels 
have a magnitude Selected from the group of (i) a 
negative DC voltage or (ii) the voltage resulting from 
connecting the first phase winding in a closed-loop 
circuit with a Semiconductor device, 
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wherein the application of the plurality of differing volt 
age levels applied to the phase winding is controlled to 
reduce the amount of noise produced by the machine. 

33. The method of claim 32 wherein the plurality of 
periods of differing voltage levels applied to the first phase 
winding in the Step of controlling the decay of the current in 
the first phase winding includes periods of voltage levels 
having both a negative DC voltage magnitude and a voltage 
magnitude resulting from connecting the first phase winding 
in a closed-loop circuit with a Semiconductor device. 

34. The method of claim 32 wherein: (i) the Switched 
reluctance machine includes at least One resonant frequency, 
and (ii) the Step of controlling the decay of the current in the 
first phase winding Over the Second interval by applying a 
plurality of periods of differing voltage levels to the first 
phase winding includes the Step of applying the plurality of 
periods of differing voltage at a frequency that is at least 
twice the resonant frequency of the machine. 

35. The method of claim 32 wherein the Step of controlling 
the decay of the current in the first phase winding over the 

50 

55 

60 

16 
Second interval be applying a plurality of periods of differ 
ing voltage levels to the first phase winding includes the Step 
of varying the frequency at which the plurality of periods of 
differing voltage are applied to the first phase winding. 

36. The method of claim 32 wherein the Step of controlling 
the decay of the current in the first phase winding over the 
Second interval by applying a plurality of period, of differing 
voltage levels to the first phase winding includes the Step of 
varying the duty cycle of the plurality of periods of differing 
voltage applied to the first case winding. 

37. The method of claim 32 wherein the Step of controlling 
the decay of the current in the first phase winding over the 
Second interval by applying a plurality of periods of differ 
ing voltage levels to the first phase winding includes the 
Steps of: (i) varying the frequency at which the plurality of 
periods of differing voltage are applied to the first phase 
winding and (ii) varying the duty cycle of the plurality of 
periods of differing voltage applied to the first phase wind 
ing. 

38. Apparatus for controlling the decay of current in the 
phase winding of a Switched reluctance machine from a 
positive value to zero, the apparatus comprising: 

a DC voltage Source, 
a Switching device coupled to the voltage Source and to 

the phase winding for controlling the application of 
voltage to the phase winding, 

a control circuit coupled to the Switching device, the 
control circuit adapted to provide a Series of pulsed 
gating Signals to the Switching device to control the 
Switching device such that the current in the phase 
winding falls from the positive value to zero in a 
controlled fashion. 

39. The apparatus of claim 38 wherein the Series of pulsed 
gating Signals provided by the control circuit is such that the 
voltage applied to the phase winding during the period of 
current decay repeatedly varies from a negative voltage 
magnitude to approximately zero volts. 

40. A method of controlling current in a Switched reluc 
tance machine, the machine including a rotor, and a phase 
winding, the method comprising the Steps of 

applying electrical power to the phase winding Over a first 
interval of rotor rotation such that the current in the 
phase winding increases from zero to a positive value, 
and 

controlling the application of electrical power to the 
phase winding for a period following the first interval 
Such that the current in the phase winding decreases 
from the positive value to zero through two or more 
decay intervals, where the slope of the current decay 
varies over each decay interval. 

41. The method of claim 40 wherein the Step of controlling 
the application of electric power to the phase winding 
includes the Steps of: (i) applying a negative voltage to the 
phase winding Over a first decay intervals and (ii) applying 
a voltage resulting from connecting the phase winding in a 
closed-loop circuit with a semiconductor device to the phase 
winding over a Second decay interval; wherein the Slope of 
the current decay over the Second decay interval is less than 
the slope of the current decay over the first decay interval. 

42. The method of claim 40 wherein the Step of controlling 
the application of electric power to the phase winding 
includes the Step of applying a Series of pulse width modu 
lated voltage pulses to the phase winding. 
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