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TECHNIQUE FOR A BRUSIiLESS MOTOR BACKGROUND OF THE INVENTION 1. Technical
Field: The present invention relates in general to a current mode pulse
width modulation (PWM) technique for brushless motors and in particular to
a system and method for controlling a brushless motor by increasing or
decreasing motor speed respectively according to the positive polarity or
negative polarity of a pulse width modulation (PWM) control signal wherein
the PWM signal varies according to an error signal generated and derived
between the difference of a desired motor speed and a current motor speed.
2. Description of the Related Art: Various systems and methods exist for
controlling the speed of a brushless motor. One conventional prior art
system and method involves using a pulse width modulation (PWM) signal to
directly control the power switches to the brushless motor. For example, a
three phase motor would have three upper switches and three lower switches
to control the brushless motor. A pair of upper and lower switches is used
to control each phase of the brushless motor. In this prior art system and
method, the PWM signal controls the brushless motor in a manner such that
the six switches are either on to excite the motor or off to turn off or
slow down the motor speed. Thus, motor speed is increased by having the PWM
signal activate the power switches to drive the motor,   ~t .. 31 JUL 2a0 .
2 and motor speed is decreased by having the PWM signal deactivate the
power switches to shut off the motor. Therefore, the motor is continuously
and repeatedly switched between its on and off states resulting ~n full
power excitation in one direction or coast condition. Tape drives that use
brushless motors to drive reels of tape for computer systems are in
existence in the computer field. One type of tape drive, such as Linear
Tape Open (LTO), involves two reels of tape wherein one of the two reels is
a supply reel and the other of the two reels is a take-up reel. The supply
reel is driven by a supply reel motor while the take-up reel is driven by a
take-up reel motor. Control algorithms are used to control the speed of
these two motors. For these types of tape drives or tape transports, the
position and velocity of the tape need to be controlled. The control
algorithms require the determination of the position and velocity of the
tape in order to properly control the speed of the reel motors. The two
tape reels, tape, and two motors that drive the reels are considered a
plant. The plant receives multiple inputs and provides multiple outputs.
For example, inputs to the plant are continuous currents to the motors for
controlling the motors. The outputs from the plant are tape velocity, tape
tension, and tape position. These types of tape drives require that a
desired motor speed for the tape drive be compared with the actual motor
speed in order to properly control the tape position and velocity. If the
desired motor speed is not equal to the actual motor speed, then the motor
needs to be driven from the actual motor speed to the desired   t ., o  



3 ~ J U L 202 3 motor speed. It is therefore advantageous and desirable to
provide a system and method for controlling the speed of a brushless motor
according to and based on the difference between a desired motor speed and
an actual motor speed. It is also advantageous and desirable to provide a
system and method for controlling the speed of a brushless motor that uses
a PWM signal that does not require the continuous and repeated turning on
and off of the motor but that allows the brushless motor to be continuously
driven. It is further advantageous and desirable to provide a system and
method for controlling the speed of a brushless motor that uses a PWM
signal for controlling the speed of a brushless motor according to and
based on the difference between a desired motor speed and an actual motor
speed. It is still also advantageous and desirable to provide a system and
method for controlling the speed of a brushless motor that is used in a
tape servo system and method. It is still further advantageous and
desirable to provide a system and method for controlling the speed of a
brushless motor based on armature positions of the brushless motor.     31
J U L 2002 -4 SUMMARY OF THE INVENTION It is therefore one preferred object
of the present invention to provide a system and method for controlling the
speed of a brushless motor according to and based on the difference between
a desired motor speed and an actual motor speed. It is another preferred
object of the present invention to provide a system and method for
controlling the speed of a brushless motor that uses a PWM signal that does
not require the continuous and repeated turning on and off of the motor but
that allows the brushless motor to be continuously driven. It is a further
preferred object of the present invention to provide a system and method
for controlling the speed of a brushless motor that uses a PWM signal for
controlling the speed of a brushless motor according to and based on the
difference between a desired motor speed and an actual motor speed. It is
still a further preferred object of the present invention to provide a
system and 



method for controlling the speed of a brushless motor that is used in a
tape servo system and method. It is still another preferred object of the
present invention to provide a system and method for controlling the speed
of a brushless motor based on armature positions of the brushless motor.
31 J U L 2002 4~ -  One aspect of the invention is a system for controlling
a motor speed of a brushless motor, said system comprising: a motor current
sensor coupled to the motor for sensing an actual motor current applied to
the motor, said motor current sensor including: a current sense resistor
coupled to an actual voltage being applied to the motor and a reference
voltage; and a rectifier, coupled to the current sense resistor, that
generates the actual motor current having an appropriate magnitude and
polarity; a current comparator coupled to a current reference and the
actual current, wherein the current comparator compares the current
reference and the actual current and generates an error signal; a pulse
width modulator, coupled to the current comparator, that converts the error
signal to a corresponding pulse-width modulated error signal, said
pulse-width modulated error signal being coupled to said rectifier; 



armature position sensors that sense armature positions of the motor, a
commutator having outputs and having inputs coupled to the pulse width
modulator and the armature position sensors; and power switches coupled to
outputs of the commutator and also coupled to the motor, wherein the
commutator controls activation and deactivation of the power switches based
on the pulse-width modulated error signal to control the motor at a desired
motor speed that corresponds to the current reference. Another aspect of
the invention is a method for controlling a motor speed of a brushless
motor, said method comprising: sensing an actual motor current being
applied to the motor, wherein sensing actual motor current comprises:
coupling a current sense resistor to an actual voltage being applied to the
motor and a reference voltage to determine a value of the actual motor
current; and using a rectifier coupled to the current sense resistor and a
pulse-width modulated error signal to generate the actual motor current
having an appropriate magnitude and polarity; comparing a current reference
and the actual motor current; generating an error signal based on a
difference between the current reference and the actual motor current;   ,.
31 J U L 2002 -6 converting the error signal to the pulse-width modulated
error signal; 



sensing armature positions of the motor; and controlling activation and
deactivation of respective power switches based on the pulse-width
modulated error signal to control the motor at a desired motor speed that
corresponds to the current reference. The above as well as additional
objects, features, and advantages of the present invention will become
apparent in the following detailed written description.   31 J U L 2002
BRIEF DESCRIPTION OF THE DRAWINGS The novel features believed
characteristic of the invention are set forth in the appended claims. The
invention itself however, as well as a preferred mode of use, further
objects and advantages thereof, will best be understood by reference to the
following detailed description of an illustrative embodiment when read in
conjunction with the accompanying drawings, wherein: Figure 1 is a block
diagram of the present invention system for controlling the speed of a
brushless motor according to and based on the difference between a desired
motor speed and an actual motor speed wherein the system and method uses a
PWM signal that varies according to an error signal generated between the
difference of a desired motor current and an actual motor current; Figure 2
is a PWM signal generated by the system in Figure 1 when the desired motor
current is greater than the actual motor current wherein the PWM signal has
longer positive pulses than negative pulses generated based on an error
signal having a positive value between the desired motor current and the
actual motor current and wherein the PWM signal is used to control the
power switches to increase the current of the brushless moto r Figure 3 is
a PWM signal generated by the system in Figure 1 when the desired motor
current is less than the actual motor current wherein the PWM signal has
shorter positive pulses than negative pulses generated based on an error
signal having a negative value between the desired motor current and the
actual motor current and   .. . , 31 J U L 2002  8 wherein the PWM signal
is used to control the power switches to decrease the speed of the
brushless motor; 



Figure 4 is a PWM signal generated by the system in Figure 1 when the
desired motor current is equal to the actual motor current wherein the PWM
signal has the same lengths as the positive pulses and the negative pulses
generated based on an error signal having a zero value between the desired
motor speed and the actual motor speed and wherein the PWM signal is used
to control the power switches to maintain the speed of the brushless motor;
and Figure 5 is a flow chart diagram of the operational algorithm of the
present invention system for controlling the speed of a brushless motor
according to and based on the difference in proportion between a desired
motor current and an actual motor current.   . . h~ 31 ~ a ~ ~ooz 9
DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENT The present invention is a
current mode pulse width modulation (PWM) technique for brushless motors. ~
The present invention provides a present system 10 and method for
controlling a brushless motor 20 by increasing or decreasing motor
excitation respectively according to the positive polarity or negative
polarity of a pulse width modulation (PWM) signal 36, such as PWM signal
36A or 36B or 36C. The PWM signal 36 varies according to an-error signal 35
generated in proportion to the difference between a desired motor current
and an actual motor . current. The system 10 and method for controlling the
current of a brushless motor uses a PWM signal 36 that does not require the
continuous and repeated turning on and off of the brushless motor 20 and
that is based on the generated error signal. The present system 10 and
method for controlling the current of a brushless motor 20 is able to be
used in a tape servo system and method. The present system 10 and method
for controlling the speed of a brushless motor 20 is also based on armature
positions of the brushless motor. With reference now to the figures and in
particular with reference to Figure 1, the present system 10 for
controlling a brushless motor 20 by increasing or decreasing motor current
respectively according to the positive polarity or negative polarity of a
pulse width modulation (PWM) signal 36 is shown. The present system 10
controls the current of brushless motor 20. The brushless motor 20 is shown
to have three phases or motor   r 3 ) J U L 2flOZ  windings 21, which are
phases or motor windings D, E, and F. Upper power switch 18D and lower
power switch 22D are coupled to the winding D to control the brushless
motor 20 thereat. Upper power switch 18E and lower power switch 22E are
coupled to the winding E to control the brushless motor 20 thereat. Upper
power switch 18F and lower power switch 22F are coupled to the winding F to
control the brushless motor 20 thereat. The power switches 18D, 18E, 18F,
22D, 22E, and 22F are coupled to bulk power or a power source 19. The power
source 19 provides the positive and negative driving power, such as +12
volts and -12 volts, to the brushless motor 20, through the selection of
the appropriate switches 18 and 22. These power switches are excited by a
PWM signal, such as PWM signal 36A or 36B or 36C respectively in Figures 2
and 3 and 4, according to the polarity of the PWM signal. The PWM signals
36A and 36B and 36C will be described in more detail later. 



Hall sensors 12A, 12B, and 12C are coupled at the input side of a brushless
commutator 14, and the power switches 18D, 18E, 18F, 22D, 22E, and 22F are
coupled at the output side of the brushless commutator 14. The brushless
commutator 14 is used to control the direction of and the drive on the
motor windings D, E, and F to control the excitation of the brushless motor
20. While the motor control system 10 is in operation, the motor windings
D, E, and F are either driving in one direction or an opposite direction.
The hall sensors 12A, 12B, and 12C ,respectively sense and provide the
armature position information from the brushless motor 20 for controlling
i 31 J U L 2002  the corresponding motor windings D, E, and F. A pulse
width modulator 28 is also coupled to the input of the brushless commutator
14. The pulse width modulator 28 has an error amplifier 30 coupled at its
input. The input of the error amplifier is a current reference or desired
current signal 34 and a current sense or actual current signal 32. The
difference between desired current signal 34 and actual current signal 32
is determined and amplified by the error amplifier 30. The error amplifier
30 includes frequency compensation characteristics which assure stability
of the motor current generated in the brushless motor and provides
sufficient gain so that the difference between the desired and actual motor
currents remain small for all normal conditions of motor speed. This
difference is outputted from the error amplifier 30 in the form of an error
difference signal 35. The error difference signal 35 is inputted into the
pulse width modulator 28. The pulse width modulator 28 provides a pulse
width modulation (PWM) signal 36, such as in the form of PWM signal 36A in
Figure 2 or PWM signal 36B in Figure 3 or PWM signal 36C in Figure 4. This
PWM signal 36 is fed into the input of the brushless commutator 14. The
lower power switches 22D, 22E, and 22F are coupled to one end of a current
sense resistor 23. The other end of the current sense resistor 23 is
coupled to ground 25. The current sense or actual current signal 32 is
derived from the current sense voltage signal 27 being applied at the
current sense resistor 23. The current   f 



31 J U L 2002 12 - sense voltage signal 27 is inputted to an active current
sense rectifier 24. The rectifier 24 also receives the PWM signal 36 from
the pulse width modulator 28 so that the current sense or actual current
signal 32 is changed and followed in direction according to the polarity of
the PWM signal 36. The rectifier 24 accordingly determines and outputs the
current sense or actual velocity current signal 32 based on the current
sense voltage signal 27 at the current sense resistor 23 and the polarity
of the PWM signal 36. The polarity of the PWM signal 36 determines the
direction of motor excitation that the actual current will be driving the
brushless motor 20. The brushless commutator 14 controls the power switches
18D, 18E, 18F, 22D, 22E, and 22F and the brushless motor 20 in well known
and well understood manners for brushless commutators. The present
invention discloses that the brushless commutator 14 controls the brushless
motor 20 by controlling a set of two power switches, that is, one set of
two power switches is selected and activated while the other two sets of
two power switches are kept de-activated. It is well known and understood
as to how brushless commutator 14 is to determine and select which set of
two power switches is to be activated and which sets of two power switches
are to be de-activated. For example, if the brushless motor 20 is to be
excited in the positive direction to increase motor speed by applying
positive voltage between the windings D and E, then the upper power switch
18D and the lower power switch 22E are activated. The other power   31 J U
L 2002 13 switches 18E, 18F, 22D, and 22F are de-activated. On the other
hand, if the brushless motor 20 is to be excited in the negative direction
to decrease motor speed by applying negative voltage between the windings D
and E, then the upper power switch 18E and the lower power switch 22D are
activated. The other power switches 18D, 18F, 22E, and 22F are
de-activated. With reference now to the figures and in particular with
reference to Figure 2, a PWM signal 36A is a digital signal generated by
the system 10 in Figure 1 when the desired motor speed is greater than the
actual motor speed. The PWM signal 36A has longer positive pulses 38 than
negative pulses 40. The length of these pulses 38 and 40 are generated
based on an error signal 35 between the desired motor current and the
actual motor current. In Figure 2, the desired motor current is greater
than the actual motor current. Thus, the overall error signal 35 is a
positive signal to increase the actual motor current. The PWM signal 36A is
used to control the power switches to increase the current of the brushless
motor 20. The PWM signal 36A is provided to the rectifier 24 along with the
input of the current sense voltage 27. The positive pulse 38 of the PWM
signal 36A causes the brushless n direction while the negative pulse 40 of
the PWM signal 36A causes the brushless motor 20 to be driven in the
negative excitation direction. Since overall the positive pulses 38 are
longer than the negative pulses 40, then overall the brushless motor 20
will be driven in the positive excitation direction or manner to increase



i 3 ~ J U L 2002 14 the motor current. The motor windings D, E, and F are
continuously driven with positive excitation and negative excitation based
on the on-time and off-time of the PWM signal 36A in the respective
positive pulse 38 and the negative pulse 40, but overall the brushless
motor 20 will be driven in the positive excitation direction to increase
its current. With reference now to the figures and in particular with
reference to Figure 3, a PWM signal 36B is a digital signal generated by
the system 10 in Figure 1 when the desired motor current is less than the
actual motor current. The PWM signal 36B has shorter positive pulses 38
than negative pulses 40. The length of these pulses 38 and 40 are generated
based on an error signal 35 between the desired motor current and the
actual motor current. In Figure 3, the desired motor current is less than
the actual motor current. Thus, the overall error signal 35 is a negative
signal to decrease the actual motor current. The PWM signal 36B is used to
control the power switches to decrease the current of the brushless motor
20. The PWM signal 36B is provided to the rectifier 24 along with the input
of the current sense voltage 27. The positive pulse 38 of the PWM signal
36B causes the brushless motor 20 to be driven in the positive excitation
direction while the negative pulse 40 of the PWM signal 36B causes the
brushless motor 20 to be driven in the negative excitation direction. Since
overall the negative pulses 40 are longer than the positive pulses 38, then
overall the brushless motor 20 will be driven in the negative excitation
direction or   ,, ~) . 31 J U L 2D02 15 manner to decrease the motor
current. The motor windings D, E, and F are continuously driven with
positive excitation and negative excitation based on the on-time and
off-time of the PWM signal 36B in the respective positive pulse 38 and the
negative pulse 40, but overall the brushless motor 20 will be driven in the
negative direction to decrease its current. With reference now to the
figures and in particular with reference to Figure 4, a- PWM signal 36C is
a digital signal generated by the system 10 in Figure 1 when the desired
motor current is equal to the actual motor current. The PWM signal 36C has
the same length positive pulses 38 and negative pulses 40. The lengths of
these pulses 38 and 40 are generated based on an error signal 35 between
the desired motor current and the actual motor current. In Figure 3, the
desired motor current is equal to the actual motor current. Thus, the
overall error signal is a zero value signal to maintain the actual motor
current at the desired motor current. The PWM signal 36C is used to control
the power switches to maintain the current of the brushless motor 20. The
PWM signal 36C is provided to the rectifier 24 along with the input of the
current sense voltage 27. The positive pulse 38 of the PWM signal 36C
causes the brushless motor 20 to be driven in the positive excitation
direction while the negative pulse 40 of the PWM signal 36C causes the
brushless motor 20 to be driven in the negative excitation direction. Since
overall the positive pulses 38 are the same lengths as the negative pulses
40, then overall the brushless motor 20 will be driven in the same   



31 J U L 2002 16 manner to maintain the motor current. The motor windings
D, E, and F are continuously driven with positive excitation and negative
excitation based on the on-time and off-time of the PWM signal 36C in the
respective positive pulse 38 and the negative pulse 40, but overall the
brushless motor 20 will be driven in the same manner to maintain. its
current. With reference now to the figures and in particular with reference
to Figure 5, a flow chart diagram of the algorithm 42 for the present
system 10 that controls the speed of a brushless motor 20 according to and
based on the difference in proportion between a desired motor current and
an actual motor current is shown. The algorithm 42 starts at block 44. At
block 46, the algorithm 42 obtains the actual voltage signal 27 being
applied to brushless motor 20. The algorithm 42 uses the current sense
resistor 23 to determine the actual current signal 32 of the brushless
motor 20. At block 48, the algorithm 42 determines direction of actual
current signal 32 from the present PWM signal 36. At block 50, the
algorithm 42 compares a current reference input signal 34 with the actual
current signal 32. A difference between these two signal values 34 and 32
is obtained to derive an error signal 35. At block 52, the error signal 35
is converted into a PWM signal 36, and the PWM signal 36 is provided to the
brushless commutator 14. At block 54, armature positions of the brushless
motor 20 are obtained using hall sensors 12A, 12B, and 12C. These armature
positions are also inputted into the brushless commutator 14 to control the
brushless motor   ..  3 ~ ~ a ~ zooz - 20. At block 56, the brushless
commutator 14 is used to select and activate one set of two power switches
to control the brushless motor 20 and to deactivate all other power
switches. The algorithm 42 moves to decision block 58. At decision block
58, the algorithm 42 determines whether the PWM signal 36 has a positive
value. If it does, then the algorithm 42 moves to block 60 where the
brushless commutator 14 operates -to select the one set of power switches
to drive the brushless motor 20 in the positive direction to increase motor
speed and then loops back to block 46 to continue therefrom. If it does
not, then the algorithm moves to decision block 62. At decision block 62,
the algorithm 42 determines whether PWM signal 36 has a negative value. If
it does, then the algorithm 42 moves to block 64 T,ahere the brushless
commutator 14 operates to select the one set of power switches to drive the
brushless motor 20 in the negative direction to decrease the motor speed
and then loops back to block 46 to continue therefrom. If it does not, then
the error signal equals zero, and the algorithm moves to block 66. At block
66, the brushless commutator 14 is operated to select the one set of power
switches to drive the brushless motor 20 in the same manner to maintain the
same motor speed. The algorithm 42 then loops back to block 46 and
continues therefrom. While the invention has been particularly shown and
desc,~ibed with reference to a preferred embodiment, it will be understood
by those skilled in the art that a   31 J U L 2002 



various changes in form and detail may be made therein without departing
from the spirit and scope of the invention.   31 J U L 2002 -19 CLAIMS:
What is claimed is: 1, A system for controlling a motor speed of a
brushless motor, said system comprising: a motor current sensor coupled to
the motor for sensing an actual motor current applied to the motor, said
motor current sensor including: a current sense resistor coupled to an
actual voltage being applied to the motor and a reference voltage; and a
rectifier, coupled to the current sense resistor, that generates the actual
motor current having an appropriate magnitude and polarity; a current
comparator coupled to a current reference and the actual current, wherein
the current comparator compares the current reference and the actual
current and generates an error signal; a pulse width modulator, coupled to
the current comparator, that converts the error signal to a corresponding
pulse-width modulated error signal, said pulse-width modulated error signal
being coupled to said rectifier; armature position sensors that sense
armature positions of the motor, a commutator hav ing outputs and having
inputs coupled to the pulse width modulator and the armature position
sensors; and 



power switches coupled to outputs of the commutator and also coupled to the
motor, wherein the commutator controls activation and deactivation of the
power switches based on the pulse-width modulated error signal to control
the motor at a desired motor speed that corresponds to the current
reference. 2. The system according to claim 1, wherein the current
comparator comprises an error amplifier that receives the current reference
and the actual current and generates and amplifies the error signal. 3. The
system according to claim 1, wherein the brushless motor is a three phase
motor having three motor windings.   31 J U L 2002 -20 4, The system
according to claim 3, wherein the armature position sensors comprise three
armature position sensors for sensing the armature positions of the three
motor windings, 5. The system according to claim 3, wherein the power
switches comprise three sets of power switches each including two power
switches, wherein the three sets are coupled to outputs from the commutator
and are respectively coupled to the three motor windings. 6. The system
according to claim 1, wherein the power switches are controlled by the
commutator to drive the motor to increase the motor speed when the error
signal has a generally positive value. 7. The system according to claim l,
wherein the power switches are controlled by the commutator to drive the
motor to decrease the motor speed when the error signal has a generally
negative value. 8. The system according to claim 1, wherein the power
switches are controlled by the commutator to drive the motor to maintain
motor speed when the error signal has a zero value. 9. The system according
to claim 1, wherein the commutator continuously drives the motor through
the power switch in accordance with the pulse-width modulated error signal.
10. An electric motor including a control system in accordance with claim
1. 11. A method for controlling a motor speed of a brushless motor, said
method 



comprising: sensing an actual motor current being applied to the motor,
wherein sensing actual motor current comprises:   31 J U L 2002 -21
coupling a current sense resistor to an actual voltage being applied to the
motor and a reference voltage to determine a value of the actual motor
current; and using a rectifier coupled to the current sense resistor and a
pulse width modulated error signal to generate the actual motor current
having an appropriate magnitude and polarity; comparing a current reference
and the actual motor current; generating an error signal based on a
difference between the current reference and the actual motor current;
converting the error signal to the pulse-width modulated error signal;
sensing armature positions of the motor; and controlling activation and
deactivation of respective power switches based on the pulse-width
modulated error signal to control the motor at a desired motor speed that
corresponds to the current reference. 12. The method according to claim 11,
wherein the steps of comparing a current reference and generating an error
signal further comprise: in response to receipt of the current reference
signal and the actual current as inputs, an error amplifier comparing the
current reference and the actual current and 



generating and amplifying the error signal. 13. The method according to
claim 11, wherein the controlling step further comprises: using a
commutator having the pulse-width modulated error signal and the armature
positions as input values and motor switch control signals as output values
to control the motor at a desired motor speed that corresponds to the
current reference. 14. The method according to claim 11, wherein the
brushless motor is a three phase motor having three motor windings, and
wherein the step of sensing armature positions further comprises: using
three armature position sensors for respectively sensing the armature
positions of the three motor windings.   ,. 31 J U L 2002 -22 15. The
method according to claim 11, wherein the brushless motor is a three phase
motor having three motor windings, and wherein the step of controlling
activation and deactivation of respective power switches further comprises:
coupling three sets of power switches each including two power switches to
respective outputs of a power switch controller and to the three motor
windings. 16. The method according to claim 15, wherein the step of
controlling activation and deactivation of respective power switches
further comprises: using a commutator to activate one of the three sets of
power switches and to deactivate the other two of the three sets of power
switches to drive the motor to increase the motor speed when the error
signal has a generally negative value. 17. The method according to claim
15, wherein the step of controlling activation 



and deactivation of respective power switches further comprises: using a
commutator to activate one of the three sets of power switches and to
deactivate the other two of the three sets of power switches to drive the
motor to decrease the motor speed when the error signal has a generally
negative value. 18. The method according to claim 15, wherein the step of
controlling activation and deactivation of respective power switches
further comprises: using a commutator to activate one of the three sets of
power switches and to deactivate the other two of the three sets of power
switches to drive the motor to maintain motor speed when the error signal
has a zero value. 19. The method according to claim 11, wherein the step of
controlling activation and deactivation of respective power switches
further comprises: using a commutator to control the power switches to
drive the motor to increase the motor speed when the error signal has a
generally positive value. 20. The method according to claim 11, wherein the
step of controlling activation and deactivation of respective power
switches further comprises: using a commutator to control the power
switches to drive the motor to decrease the motor speed when the error
signal has a generally negative value.   31 J U L 2002 - 23  21. The method
according to claim 11, wherein the step of controlling activation and
deactivation of respective power switches further comprises: using a
commutator to control the power switches to drive the motor to maintain the
motor speed when the error signal has a zero value. 22. The method
according to claim 11, said controlling step comprising continuously
driving the motor through the power switch in accordance with the
pulse-width modulated error signal. .A.A .A 2.AY.AL.AYL0.A  .Ay .A
.AL3.A(3.AsF2 



.As;F.A`{YY .A`Y .ALNF.AN.AaF96.A3@.A A.A

.A&Ur.A%-#>BUqt>?a.|wrmhc^Y]ca]ca]ca]c(a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]
ca]ca]ca]ca]ca]caU]ca]ca]cRaU]ca]caU]caU]ca]ca]c(a]caU]ca
:?ABCQSd34}xsnid_Z]]ca]c(a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]
ca]ca]ca]ca]ca]c(a]ca]ca]c(a]ca]ca]ca]ca]ca]ca!WFv,Ma8W3P2|wrmhc^Y]ca]ca]ca
]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]ca]c(a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]
ca]ca]ca]ca]ca]ca!Gu5=c.G1
.!G!J!S!T!X!\!!!""x"""@#N#O#q#|wrmhc^XU]ca]ca]c(a]ca]ca]ca]ca]ca]ca]ca]ca]c
(aU]c(a]c(a]c(a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!q#$$J
%K%%f&o&&&&(((((&(Q(Z(h)})~)))))*+++++0,}xsnid^Ymhc^XU]caU]ca]ca]ca]ca]ca]c
a]ca]ca]ca]c&a]ca]c&a]caU]ca]caU]ca]ca]ca]ca]ca]ca]caU]ca]caU]ca]ca]ca]ca]c
aU]ca]ca
0,1,,,,,,,P-Q-------\.`.s.w.z.~./U/i/j///`0a000'1{vqlgb]Xmhc^X]ca]ca]ca]ca]
ca]ca]ca]ca]ca]ca]caU]ca]caU]ca]caU]ca]caU]ca]ca]ca]caU]ca]ca]ca]caU]ca]ca]
c<aU]ca]c<a]ca]ca
'1(111e1w11111111T2W2t2w222222222222233G3K3b3{vqlfa[Vmhc^X]caU]ca]caU]ca]ca
]ca]c*a]ca]caU]ca]ca]ca]caU]ca]ca]ca]caU]ca]caU]ca]caU]ca]ca]ca]caU]ca]caU]
ca]ca]ca]ca]ca b3f3j3333333334444;
4?4V4Z4444444445555{5|5~ysnhc]XSmh]ca]caU]ca]caU]ca]caU]ca]caU]ca]caU]ca]ca
]ca]caU]ca]caU]ca]caU]ca]ca]ca]caU]ca]caU]ca]caU]ca]ca]ca]ca]caU]ca
|5555555
666666,646@6C6666666666667777|vqkfa\Whc]XSmh]ca]ca]ca]ca]caU]ca]caU]ca]ca]c
aU]ca]caU]ca]caU]ca]caU]ca]caU]ca]caU]ca]caU]ca]caU]ca]caU]ca]caU]ca]caU]ca
]ca7.7=7B7G7K7O7|7~777777777777&8'8/83888888999A9D9W9{vpkfa[Vmh]c]caU]ca]ca
]ca]caU]ca]caU]ca]caU]ca]ca]ca]caU]ca]ca]ca]ca]ca]ca]caU]ca]ca]ca]ca]ca]caU
]ca]caU]ca]caU]ca]ca W9Y9g9h9999999":::f;
;;<<========>>&>'>,>0>_>}xsnid^Ymh]c]c]caU]ca]ca]ca]ca]ca]caU]ca]caU]ca]caU
]ca]caU]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c(aU]c a
_>>>{?}???@@xABBB*B5B6B>B?BBBBBBBCCCC8C9C(D)D1D2D|wrmhc^Yc]c]ca]ca]ca]ca]ca
]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c(aU]
ca]ca]ca]ca!2D?DDDEEEF.F/FNF$GHGHIrIJJJJJKKLL$L'LMMbNzN~NNN}xsnic^Xc]U]ca]c
aU]ca]ca]ca]ca]ca]ca]c(a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
]ca]ca]c(a]ca]ca]ca]ca!NNNNNNNOO<OHOOOOPkPoPQQZQ]QQoRwRRR`SSSS8TBTPTTT~ytoj
e_ZTnic^U]ca]caU]ca]ca]ca]ca]ca]ca]ca]c(a]c(a]ca]caU]ca]caU]ca]caU]ca]caU]c
a]caU]ca]ca]caU]ca]caU]ca]caU]ca]caU]ca]ca
TTTTTTTUVVVVVWWMWQWdWgWyW}WWWWWWWXXrXuXXX}wrlga\Vje_ZTnic^U]U]ca]caU]ca]caU
]ca]caU]ca]caU]ca]caU]ca]caU]ca]caU]ca]caU]ca]caU]ca]caU]ca]caU]ca]ca]ca]ca
]caU]ca]caU]ca]caXXXXXXYYYYBZ\ZZZ[[[[[[[[[[\\%\)\7\:\Z\]\\zuojd_YTnic^]caU]
ca]caU]ca]caU]ca]caU]ca]caU]ca]caU]ca]caU]ca]ca]caU]ca]ca]ca]ca]ca]ca]caU]c
a]caU]ca]ca]ca]c(a]caU]ca]ca \\\\\\\\\\ ]]]],]/]Y]\]{]]]]]]]]
^$^b^f^o^s^{upje_ZTjd_YTnic^U]ca]caU]ca]caU]ca]caU]ca]caU]ca]caU]ca]caU]ca]
caU]ca]caU]ca]caU]ca]caU]ca]caU]ca]caU]ca]caU]ca]caU]ca]caU]cas^^^^^^^__A_F
_U__`?`VabdReTeWeeeeeeefXfdfff6g]gg}xsnid_ZUU]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
]c&a]ca]c&a]c aU]c
a]ca]ca]ca]ca]ca]ca]ca]c8a]ca]caU]ca]caU]ca]caU]ca]caU]ca]ca!gg3hhhhJiiijCj
jjqkl:llllamwm{no@ooopppqeqqqr}xsnid_ZU]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
]ca]ca]ca]ca]ca]c(a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!rWrzrrr
rs,sqslttttLuuuvVvvv)wtwwwxvxxy2y~yyyyy}xsnid_ZU]ca]ca]c(a]c(a]ca]ca]ca]ca]
ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c(a]ca
]ca!y@{{{
|s||}T}}}D~Fn6yyyy}xsnid_ZU]ca]ca]c(a]c(a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c(a
]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca#Uqz[<f
10%g&'()-10%g&'()-!d`$10%&'()-!
J$10%hh&'()-`$+10%g&'()-S!LlM10%gg&'()-.}rg\; Yz)10%"&'()-, 10g 10g
10g510%g&'()-S!&$T 10%gg&'()-y&!10%g&'()-!fS 10%gg&'()-@ aBg\; S 10%<&'()-L
T10%<&'()- 10%<&'()-&,s10%<&'()-t10%<&'()-`!Yz)10%&'()-,
789:ABCQrS4#F10%b&'()-ZL&10%b&'()-M10%b&'()-`!g3 10%bb&'()- 10<< 10<<
10<<!.S 10%<<&'()-SQSduV7ss10%-u&'()-10%-u&'()-M 10%b%b 10%b%b
10%b%b!9m%10%%b%b&'()-10%b&'()-s10%b&'()-WdEuV7ssy3 10%-u&'()-f#10%-u&'()-@
10%-u&'()-g10%-u&'()-Y10%-u&'()-#Y10%-u&'()-GFvdEuV7ssy,g#10%-u&'()-@
10%-u&'()-yL:10%-u&'()-yg#10%-u&'()-yz#10%-u&'()-@l 10%-u&'()-,MadEuV7ss@'
10%-u&'()-f#10%-u&'()-f3"z#10%-u&'()-@
10%-u&'()-yfM10%-u&'()-yz#10%-u&'()-abCs10%O&'()-s10%O&'()-L#10%O&'()- 10-u
10-u 



10-uyL*'10%-u&'()-y(g#10%-u&'()-8W3PdEbCsf 10%O&'()-@F 10%O&'()-10%O&'()-y
10%O&'()-f10%O&'()-y 10%O&'()-P2dEbCsy 10%O&'()-10%O&'()-`y#10%O&'()-y
10%O&'()-f&@10%O&'()-@10%O&'()-Gu5dEbCsyF" 10%O&'()- f10%O&'()-y
10%O&'()-yy10%O&'()-10%O&'()-,y#10%O&'()- =c.dEbCsy+ 10%O&'()-`*10%O&'()-
y( 10%O&'()-&' 10%O&'()-%y#10%O&'()-#y#10%O&'()-.G1   aBbCsy4 10%&'()-!y4
10%OO&'()-y2S10%O&'()-0 10%O&'()-@/S10%O&'()--s10%O&'()-
.!D!E!F!G!J!X!\!bCs10%<&'()-#Y10%<&'()-10%<&'()-M 10O 10O 10O:10%O&'()-y4
10%O&'()-\!!!""x"""dEbCsy 10%<&'()-F  10%<&'()-#10%<&'()-y
10%<&'()-yS10%<&'()-y10%<&'()-"=#>#?#@#N#O#q#$~_=!S  S
10%OO&'()-910%O&'()-`10%O&'()-!#0 *10%"O"O&'()- 10< 10<
10<10%<&'()-$%f&&&(e)f)a?1= 10OO!yf/10%OO&'()-Sy
%10%O&'()-f#F10%O&'()-S!10%O&'()-fS 10%O&'()-!f 10%OO&'()-gf)g)h)})~)))*gH=
10OO!,10%<&'()-S10%&'()-z`10%<&'()-10%<&'()-M0l`*10%<&'()- 10OO
10OO*++,,,,,,uV7 1010%g&'()-MF10%g8&'()- 10<< 10<< 10<<!fz
10%<<&'()-S10%<&'()-S3 10%<&'()-,,,,~./U/aBuV7 



10fS$10%g&'()-10%g&'()-!y g 10%gg&'()-  y10%g&'()-&`10%g&'()-$
10%g&'()-U/11e1222222_@ 10"F10%&'()-!>L310%ll&'()-Y 10g? 10g? 10g?,S
10%g?&'()-Z l+10%g&'()-10%g&'()-m 22j367T9U9V9W9}^SH= 10 10 10 10y,,g
10%&'()-!%10%&'()-!9 Z%10%&'()-D@ 10%&'()-10%&'()-W9Y9g9h999":dESH= 10 10y
10%<&'()- Z 10%<&'()-`10%<&'()-z10%<&'()-`$10%<&'()-3g10%&'()-":::f;
<<=dESH= 10 10# 10%&'()-s10%<&'()-z  10%<&'()-10%&'()-
10%&'()-z10%&'()-g=0>_>>>x?y?z?{?dYNC 10 10 



10< 10< 10<3-
10%<&'()-,210%<&'()-010%<&'()-.10%<&'()-9*10%<&'()-z{?}???@@xA}^?YNC 10
yfs10%&'()-
y10%&'()-!ss$10%&'()-g10%&'()-$10%&'()-l!LsF10%66&'()-xAB*B?DEEEEEuj_=
10!#sF*10%u#u#&'()- 10 10 10- 10%&'()- !- 10%&'()-
10%&'()-310%&'()-EEFNF$GHGHdBj_= 10!!,S@ 10%&'()-m ,S10%&'()-10%&'()-s@
10%&'()-- 10%&'()-10%&'()-HIrIJLLLLLrdV4 1!+`Y10%SS&'()- 10VV 10VV
10VV!(&!10%VV&'()-:S$@ 10%&'()-S - 10%&'()-zSl10%&'()-L$L'LMMbN<OaBdV4
1!+`Y,10%&'()-zsT 10%&'()-f10%&'()-!#sY%10%&'()-10%&'()-
%10%&'()-l<OQlRmRnRoRwRRRbC 1!+`Y10%&'()-`$10%&'()-S`F10%&'()-F 10 10 101
10%&'()-y S 10%&'()-R`SSSSTUaBbC 1!+`Y@ 10%&'()-!, 10%&'()- 



10%&'()-s10%&'()- 10%&'()-y- 10%&'()-gUVXXXXXXBZbC 1!+`Y@
10%&'()-10%&'()-9$,10%&'()- 10 10 10&S 10%&'()-F"10%&'()-BZ\ZZZ[[>_?_@_dE:/
10 10Sy 10%&'()-S 10%&'()-@y10%&'()-@10%&'()-@10%&'()-@fY
10%&'()-@_A_F_U__`?`VauV7/ 10SSf
10%H&'()-F,'10%H&'()-Sf10%H&'()-$10%H&'()-9$10%H&'()-G! 910%&'()-
10VabdReTeUeVeWeeeuj_@ 10&$F10%z&'()-m 10H 10H 10Hf)
":10%H&'()-L!310%HH&'()-ff 10%H&'()-fFS 10%H&'()- eeeeeeeeefbC
10310%&'()-310%&'()-l10%&'()-$@10%&'()-l 10z 10z
10zSs10%z&'()-fXfdfff6g]gdEbC 10z10%&'()-10%&'()-3l10%&'()- 10%&'()-33
m10%&'()-Fz 10%&'()-]ggg3hhhhdEbC 



10 S10%&'()-310%&'()-3 10%&'()- 10%&'()-G10%&'()-910%&'()-hJiiijCjjdEbC 10
'10%&'()-3l%10%&'()-#10%&'()- 3"10%&'()-3 -10%&'()-3
10%&'()-jjqkl:llllldYNC 10 10 10 10F5z 10%&'()-FS2-10%&'()-3/ 10%&'()-39*
10%&'()-3( 10%&'()-lllamwm{nodEYNC 10  & 10%(&'()-   10%(&'()- @10%(&'()-
10%(&'()-YY10%(&'()-Y%10%(&'()-o@ooopppdEYNC 10  F%910%(&'()- "y 10%(&'()-
10%(&'()- @ 10%(&'()- y 10%(&'()-3` 10%(&'()-pqeqqqrWrdEYNC 10
y510%(&'()-33m10%(&'()-F@2S 10%(&'()-F.10%(&'()- &*y 10%(&'()- (y
10%(&'()-WrwrxryrzrrrrsbC 10l S-10%(&'()-3 f10%(&'()-F10%&'()-#10%(&'()-
10( 10( 



10(3 710%(&'()-s,sqsstlttaBbC 10  10%(&'()-3 10%(&'()-3 10%&'()-!3
10%p(p(&'()-3 f10%(&'()-l 10%(&'()-tttLuuuvdEbC 103f 10%(&'()- L10%(&'()- y
10%(&'()-10%(&'()-10%(&'()-L10%(&'()-vVvvv)wtwwdEbC 10 *10%(&'()-3(f
10%(&'()- l%10%(&'()- #y 10%(&'()-3"10%(&'()-  10%(&'()-wwxvxxy2ydEbC 10 5l
10%(&'()- 3y 10%(&'()-3f2f 10%(&'()- ,/f 10%(&'()- -y
10%(&'()-+10%(&'()-2y~yyyyyyyybC 10310%"&'()-F%10%"&'()-&10%"&'()-` 10( 10(
10( 8@10%(&'()-3710%(&'()-yz@{{{ |s|dEbC 109 10%"&'()-10%"&'()-:10%"&'()-lg
10%"&'()- 10%"&'()- 10%"&'()-s||}T}}}D~dEbC 10 f10%"&'()-z
10%"&'()-S10%"&'()-M10%"&'()-z 10%"&'()-@10%"&'()-D~~FdEbC
10S210%"&'()-010%"&'()-/M10%"&'()-s-g 10%"&'()-#z 10%"&'()-Z#z
10%"&'()-ZnbC 10 10%H&'()-$S10%H&'()-Y 10" 10" 10"l:f10%"&'()-810%"&'()-5z
10%"&'()-6bC 10 10%H&'()-$S10%H&'()-Y 



10" 10" 10 10%H&'()- !S 10%HH&'()-S 10%H&'()- Normal" "Heading 13]c"
"Heading 23]c" "Heading 33]c" "Heading 43]c" "Heading 53]c" "Heading 63]c"
"Heading 73]c" "Heading 83]c" "Heading 93]c"A "Default Paragraph Font9F?
g&)/V6z<BInOU@\Vbbiyovq#0,'1b3|57W9_>2DNTTX\s^gryYZ[\]^_`abcdefghijklm QaP.
\!"$f)*,U/2W9":={?xAEHL<ORUBZ@_Vaeef]ghjlopWrstvw2yys|D~nopqrstuvwxyz{|}~6T
imes New RomanArialCourier New"h Root EntryWordDocumentlQ
!"#$%&'()*+,-./0123456789:;
<=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]^_`abcdefghijklmnopqrstuvwxyz{|}~ 


