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or torque control of an electric motor or generator by using
a comparator to determine a choice of control state outputs.
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DIGITAL CONTROL OF MOTOR DRIVES

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to the control of
electric machines. The present invention relates more spe-
cifically to the control of electric machines through the
digital selection of operating states.

2. Discussion of the Related Art

Advanced electric motor drives are continually gaining
popularity in motion control applications, with major users
including consumer appliances, industrial machinery, aero-
space applications, and automotive applications. Motor
drives are used in a broad variety of applications from
low-power home appliances such as washing machines,
refrigerators, air conditioning, hand power tools, and cord-
less drives, robots, fitness machines, and medical instrumen-
tation, to medium-power automotive applications such as
electric power steering, active suspension, brake by wire,
starter/alternator, and anti-lock braking systems, to high-
power industrial motor drives and automation systems,
electric and hybrid electric cars, propulsion systems for
trains and locomotives, mass transit, movers, machine tools,
elevators, pumps, and compressors. For all these applica-
tions, it can be desirable to have a low cost, but effective
motor speed controller.

Hysteresis (band or bang bang) current control and PWM
control are the most widely used speed control techniques
for electric motors. Both of these control techniques are
analog based but can be easily implemented on analog or
digital components since they are well understood. Cost and
implementation complexity are often the most important
factors for design trade-offs between techniques, implemen-
tation, and strategy of motor control hardware. For digital
implementation of the aforementioned techniques, micro-
controllers, microprocessors, or digital signal processors
(DSPs) may be used. However, it is important to note that
digital implementation of such a control technique does not
produce a true digital controller. Instead, what results is a
digitally implemented non-digital control technique.

SUMMARY OF THE INVENTION

The present invention provides a digital controller for
electric machines of all types including motors and genera-
tors. For ease of explanation the electric machine will be
described herein as a motor being controlled by the digital
controller. Embodiments of the present invention may com-
prise a controller for such a motor, e.g., advanced electric
motor drives such as trapezoidal brush-less DC motor drives
and switched reluctance motor drives, which can be low cost
and very simple to implement in a cost effective integrated
circuit (IC).

In one embodiment a binary state digital controller of the
present invention deals with the motor drive as a binary state
digital system, which desirably operates with a binary
choice of predefined motor operation states to control speed
or torque of the motor, digitally selected by simple [F/THEN
logic based upon greater than/less than comparisons of a
single operating motor value to a single control parameter.
In other embodiments the digital controller of the present
invention may provide a choice of more than two motor
operation states based on control comparisons of greater
complexity.

In certain embodiments, the operational state parameters
for the motor may be based upon current control or con-
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duction angle control. Speed or torque regulation can be
achieved by monitoring the actual motor speed or other
known, i.e., monitored, operating motor values and switch-
ing from one operational state to the other during operation,
making the concept of the controller extremely simple for
control circuit development. This simplicity can result in a
low-cost IC for speed or torque control of motor drives.

The digital control scheme of the present invention is
particularly useful for brush-less DC (BLDC) machines and
switched reluctance machines (SRM). However, it is also
applicable to all electric machines including DC brush
machines, induction machines, and other permanent magnet
machines and is applicable to both the motoring mode and
the generation mode of electric machines.

Certain embodiments of the present invention digitally
select between one of two available active motor states; i.e.
operational states, and are thus referred to as binary state
digital controllers. It will be appreciated that a plurality of
state pairs may be used overall during implementation of the
present invention.

In some embodiments, the active motor state can be
digitally selected and then optimized in real time according
to any of various known techniques to provide variable
states as the motor is running. In more complex embodi-
ments, for example, the controller may have three or more
motor operation states from which to select and also may
include an adaptive controller to optimize the operating state
of the motor in real time.

The digital controller may define the control states based
on different control parameters of the machine. These
parameters may include conduction angle, turn-on angle,
turn-off angle, maximum current, and/or hysteresis current
band. The motor speed set point is compared to the actual
motor speed. If the actual motor speed is lower than the
speed set point, the controller selects the higher motor speed
operating state. If the actual motor speed is higher than the
speed set point, the controller selects the lower motor speed
operating state. A motor position sensing device is not
strictly necessary to determine motor speed. The present
invention may work with a position sensor derived speed
input or within the context a sensorless drive as long as
motor speed information is obtained by the controller for
comparison with the speed set point.

While the hardware implementation of some embodi-
ments can result in hardware as efficient as an 8-pin appli-
cation specific IC (ASIC) for variable speed or torque motor
control, the present invention is not so limited. The imple-
mentation of the controller may be in any form including a
digital signal processor (DSP), microprocessors, a micro-
controller, any form of IC, or a combination of individual
components.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other objects and features of this invention will
be better understood from the following detailed description
taken in conjunction with the drawings wherein:

FIG. 1 is a block diagram of a general system utilizing a
binary pair of operating states according to the present
invention.

FIG. 2 is a block diagram of a system utilizing more than
one binary pair of operating states according to the present
invention.

FIG. 3 illustrates high and low speed conduction angle
control states.

FIG. 4 illustrates high and low speed current control
states.
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DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Discussion of the modules will be given herein with
respect to specific functional tasks or task groupings that are
in some cases arbitrarily assigned to the specific modules for
explanatory purposes. It will be appreciated by the person
having ordinary skill in the art that aspects of the present
invention may be arranged in a variety of ways, or that
functional tasks may be grouped according to other nomen-
clature or architecture than is used herein without doing
violence to the spirit of the present invention.

Referring to FIG. 1, an exemplary binary state digital
controller 11 for speed control is provided for an electric
machine such as a brushless DC motor (BLDC) 13 by
obtaining and comparing an actual speed 15 of the motor 13
and a commanded, i.e., set point, speed 17 of the motor 13
with a comparator 19 for selecting a choice of two control
state outputs, high speed 23, and low speed 21, as output to
a gate driver functional block 24 operably connected for
running the motor 13. It will be appreciated that the gate
driver 24 functional block may include any necessary hys-
teresis control, current feedback, inverter, or other functions
necessary or desired for final implementation of the con-
troller. It will also be understood by the person of skill in the
art that while the exemplary embodiments are explained for
speed control, torque control can be readily obtainable by
use of the present invention.

The binary state digital controller can be based on nothing
more than a short list of “IF and THEN” statements. For
example:

IF the actual motor speed w is less than the commanded
speed set point w*, THEN switch to or stay at the HIGH
speed (wH) motor operation state (state 2); and

IF the actual motor speed w is greater than the com-
manded speed set point motor speed w*, THEN switch to or
stay at the LOW speed (wL.) motor operation state (state 1).

As seen in FIG. 2, in a second embodiment 22, multiple
sets of binary operation state pairs may be digitally selected
by comparing the actual motor speed 15 with the low 21 and
high 23 motor speeds of the current binary operation state
pair 26 at a comparator 28 and selecting a new low/high
operation state pair from a plurality of operation states 30 to
provide a new pair bracketing the current actual speed 15 as
the motor speed increases or decreases.

For multiple sets of binary operation pairs, an additional
IF/THEN statement may include:

IF the actual motor speed is equal to HIGH or LOW,
THEN select the next HIGH/LOW pair (new state 2/state 1)
surrounding the actual motor speed.

In other embodiments the digital controller of the present
invention may provide a choice of more than two motor
operation states based on control comparisons of greater
complexity. For example, the preceding three IF/THEN
statements may be easily recombined, or added to, to allow
the controller to select from several available motor opera-
tion states based on comparative inputs to the controller.

Referencing FIG. 3, a current control parameter operation
may define a current band 31, a first conduction angle 8, 33,
a low speed (wL) conduction interval 35 for state 1 with a
minimum conduction angle 8,,,,,, 37, and a high speed (wH)
conduction interval 39 for state 2, with a maximum con-
duction angle 6,,,,, 41, to establish operating states for
variable speed or torque motor operation. 8, 33 and the
current band 31 remain constant while the comparator 19 of
the controller 11 (FIG. 1) selects between state 1 (wL) using
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0,,.:,» and state 2 (wH) using 6,,,,, to control the motor
speed according to the rules set forth above.

Referencing FIG. 4, the current is desirably regulated
within a band 43 of five percent for motor operation. A low
current level [, 45 is provided for state 1 (wL.) and a high
current level I, 47 is provided for state 2 (wH), as the
operating states for variable speed or torque motor opera-
tion. The proper current band for any particular application
may be left to the choice of the designer although it is
believed to be better to have a small current band to reduce
the speed ripple of the motor.

Details of the proper binary operating states, their param-
eters, and physical implementation of the circuitry for car-
rying out the present invention are considered to be within
the skill and the discretion of the designer of ordinary skill
in the art based upon the requirements of the motor to be
driven in any particular application.

As the present binary state digital control technique can
be very simple, speed and torque ripples may be a concern
if a very wide range of speeds is considered. However, the
speed and torque ripples can be reduced by selecting more
than two predefined states for the digital controller or by
optimizing the operating state of the motor using motor
control methods applied adaptively to adjust the motor
operation in real time. Selection of any adaptive technique
for the real time operating state of the motor from among the
known methods is considered to be within the skill and the
discretion of the designer of ordinary skill in the art based
upon the requirements of the motor to be driven in any
particular application.

Major benefits of the present invention include simplicity
and low cost implementation. It will be apparent that a few
logic gates and comparators can accomplish the hardware
implementation, which, in turn, can lead to an extremely low
cost IC controller, such as an application specific integrated
circuit (ASIC) capable of performing binary state digital
control of the motor with a few external bias components.
The present invention can thus reduce the cost and com-
plexity of the motor control hardware. This, in turn, can
boost the acceptance level of advanced motors for commer-
cial mass production applications, and provide energy sav-
ings associated with the adjustable speed drives.

While certain exemplary embodiments have been put
forth to illustrate the present invention, these embodiments
are not to be taken as limiting to the spirit or scope of the
present invention which is defined by the appended claims.

We claim:

1. A variable speed or torque controller for a variable
speed or torque electric machine, comprising:

an actual machine operating value input;

a machine value set-point input;

a comparator for determining if the actual machine oper-
ating value is less than or greater than the machine
value set-point input;

a binary pair of first and second active machine control
states;

the first machine control state having first predetermined
parameters for running the machine at a first operating
state value which drives operation of the electric
machine in a first direction towards the machine value
set-point, and the second machine control state having
second predetermined parameters for running the
machine at a second operating state value which drives
operation of the electric machine in a second direction
towards the machine value set-point; and

instructions for selecting the first machine control state to
implement the first predetermined parameters if the
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actual machine value is greater than the machine value
set-point input, or selecting the second machine control
state to implement the second predetermined param-
eters if the actual machine operating value is less than
the machine value set-point input.

2. The variable speed or torque controller according to
claim 1, further comprising:

a monitor for determining the actual machine operating

value.

3. The variable speed or torque controller according to
claim 1, further comprising:

a comparator for determining if the actual machine oper-
ating value is equal to the machine value set-point
input.

4. The variable speed or torque controller according to

claim 1, further comprising:

a comparator for determining if the actual machine oper-
ating value is less than, equal to, or greater than the first
operating state value or the second operating state
value.

5. The variable speed or torque controller according to
claim 1, wherein the first and second operating state values
are motor torques.

6. The variable speed or torque controller according to
claim 1, wherein the first and second operating state values
are motor speeds.

7. The variable speed or torque controller according to
claim 6, further comprising:

means for selecting a binary pair of machine control states
having first and second machine speeds selected to be
respectively below and above the speed set-point.

8. The variable speed or torque controller according to

claim 6 wherein the instructions comprise:

IF actual machine speed is less than the commanded
speed set-point THEN switch to or stay at the second
machine control state; and

IF actual machine speed is greater than the commanded
speed set-point THEN switch to or stay at the first
machine control state.

9. The variable speed or torque controller according to

claim 6 wherein the instructions comprise:

IF actual machine speed is equal to the first speed or the
second speed THEN select a new first and second
machine control state pair.

10. The variable speed or torque controller according to
claim 1 wherein the first and second machine control state
parameters are stored within the controller.

11. The variable speed or torque controller according to
claim 1 wherein the parameters include one of a current
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supply parameter or a conduction angle parameter for at
least one phase of a machine.

12. The variable speed or torque controller according to
claim 1 further comprising:

a hysteresis current control circuit.

13. The variable speed or torque controller according to
claim 1 further comprising:

gate drivers for a machine.

14. The variable speed or torque controller according to
claim 1 further comprising:

an electric machine operably connected to the controller.

15. The variable speed or torque controller according to
claim 14 wherein the controller is a binary state variable
speed or torque controller.

16. The variable speed or torque controller according to
claim 1 wherein the first and second operating state value
parameters are first and second conduction intervals, respec-
tively.

17. The variable speed or torque controller according to
claim 1 wherein the first and second operating state value
parameters are first and second current levels, respectively.

18. The variable speed or torque controller according to
claim 1 wherein the first and second operating state value
parameters are first and second current bands, respectively.

19. A variable speed or torque controller for a variable
speed or torque electric machine, comprising:

an actual machine operating value input;

a machine value set-point input;

a comparator for determining if the actual machine oper-
ating value is less than or greater than the machine
value set-point input;

a first active machine control state, the first machine
control state having predetermined parameters for run-
ning the machine at a first operating state value com-
prising a predetermined low speed or torque value;

a second active machine control state, the second machine
control state having predetermined parameters for run-
ning the machine at a second operating state value
comprising a predetermined high speed or torque value;
and

instructions to implement the first machine control state if
the actual machine value is greater than the machine
value set-point input, or to implement the second
machine control state if the actual machine operating
value is less than the machine value set-point input.
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