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(57) ABSTRACT

A compact field programmable gate array (FPGA)-based
digital motor controller (102), a method, and a design struc-
ture are provided. The compact FPGA-based digital motor
controller (102) includes a sensor interface (206) configured
to receive sensor data from one or more sensors (104) and
generate conditioned sensor data. The one or more sensors
(104) provide position information for a DC brushless motor
(108). The compact FPGA-based digital motor controller
(102) also includes a commutation control (210) configured
to create switching commands to control commutation for the
DC brushless motor (108). The commutation control (210)
generates commutation pulses from the conditioned sensor
data of the sensor interface (206). The compact FPGA-based
digital motor controller (102) also includes a time inverter
(208) configured to recerve the commutation pulses. The time
inverter (208) converts the commutation pulses 1nto a rota-
tional speed of the DC brushless motor (108) to provide a
linear feedback control parameter.

12 Claims, 3 Drawing Sheets
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COMPACT FPGA-BASED DIGITAL MOTOR
CONTROLLER

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough indi-
cates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

BACKGROUND OF THE INVENTION

The subject matter disclosed herein generally relates to
digital motor controllers, and more particularly to compact
field programmable gate array (FPGA) based digital motor
controllers.

A brushless direct current (DC) motor can use switches to
clectrically control commutation. One or more sensors can be
used to determine position or speed information for feedback
control ofthe brushless DC motor. When sensors are used that
provide timing information, commutation control may be
non-linear with respect to rotational speed of the motor. Non-
linear period information complicates control logic, which
can result 1n demanding mathematical calculations and com-
plex algorithms for accurate control. Such control logic typi-
cally requires a microprocessor and accompanying computer
system control elements, such as non-volatile memory, vola-
tile memory, arbitration logic, operating system software, and
application software in the motor control loop. The use of a
microprocessor and computer system control elements may
be unsuitable for certain environments that are geometrically
constrained and/or subject to harsh environmental conditions,
for instance, high radiation environments.

BRIEF DESCRIPTION OF THE INVENTION

According to one aspect of the invention, a compact field
programmable gate array (FPGA)-based digital motor con-
troller 1s provided. The compact FPGA-based digital motor
controller includes a sensor interface configured to receive
sensor data from one or more sensors and generate condi-
tioned sensor data. The one or more sensors provide position
information for a DC brushless motor. The compact FPGA -
based digital motor controller also includes a commutation
control configured to create switching commands to control
commutation for the DC brushless motor. The commutation
control generates commutation pulses from the conditioned
sensor data of the sensor interface. The compact FPGA-based
digital motor controller also includes a time 1verter config-
ured to recerve the commutation pulses. The time nverter
converts the commutation pulses 1nto a rotational speed of the
DC brushless motor to provide a linear feedback control
parameter.

According to yet another aspect of the invention, a method
tor an FPGA-based digital motor controller 1s provided. The
method includes recerving sensor data from one or more
sensors 1ndicating position information for a DC brushless
motor. The method further includes generating conditioned
sensor data at a sensor interface implemented 1n hardware
circuitry of the compact FPGA-based digital motor control-
ler. The method also includes generating commutation pulses
from the conditioned sensor data at a commutation control
implemented 1 hardware circuitry of the compact FPGA-
based digital motor controller. The method additionally
includes converting the commutation pulses into a rotational
speed of the DC brushless motor at a time inverter imple-
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2

mented 1in hardware circuitry of the compact FPGA-based
digital motor controller to provide a linear feedback control
parameter. The method further includes creating switching
commands at the commutation control, to control commuta-
tion for the DC brushless motor.

A tfurther aspect of the mvention 1s design structure for a
compact FPGA-based digital motor controller tangibly
embodied 1n a machine-readable medium. The design struc-
ture includes a sensor mterface configured to receive sensor
data from one or more sensors and generate conditioned
sensor data, where the one or more sensors provide position
information for a DC brushless motor. The design structure
further 1includes a commutation control configured to create
switching commands to control commutation for the DC
brushless motor, the commutation control generating com-
mutation pulses from the conditioned sensor data of the sen-
sor mterface. The design structure additionally includes a
time nverter configured to recerve the commutation pulses
from the commutation control and convert the commutation
pulses 1nto a rotational speed of the DC brushless motor to
provide a linear feedback control parameter.

These and other advantages and features will become more
apparent from the following description taken 1n conjunction
with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject matter which is regarded as the invention 1s
particularly pointed out and distinctly claimed 1n the claims at
the conclusion of the specification. The foregoing and other
teatures, and advantages of the invention are apparent from
the following detailed description taken 1n conjunction with
the accompanying drawings in which:

FIG. 1 1s a block diagram of an exemplary embodiment of
a system with a compact FPGA-based digital motor control-
ler;

FIG. 2 depicts a block diagram of a compact FPGA-based
digital motor controller; and

FIG. 3 depicts a process for providing a compact FPGA-
based digital motor controller.

The detailed description explains embodiments of the
invention, together with advantages and features, by way of
example with reference to the drawings.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 11llustrates a block diagram of an exemplary embodi-
ment of a system 100 with a compact field programmable gate
array (FPGA)-based digital motor controller 102. The com-
pact FPGA-based digital motor controller 102 receives input
data from one or more sensors 104 via sensor data link 106.
The one or more sensors 104 may be Hall effect sensors that
detect magnetic field changes due to rotation of a direct cur-
rent (DC) brushless motor 108. In an exemplary embodiment,
the one or more sensors 104 produce timing pulses responsive
to a rotational position of the DC brushless motor 108. Motor
drive transistors 110 switch a drive voltage source 112 onto
motor drive link 114, providing switched current to establish
commutation for the DC brushless motor 108. Switch com-
mands are driven from the compact FPGA-based digital
motor controller 102 to the motor drive transistors 110 using
switch command link 116. Mechanical rotation of the DC
brushless motor 108 can drive a rotary actuator 118 coupled
through mechanical linkage 120. The mechanical linkage 120
may include gearing and other components (not depicted).

The compact FPGA-based digital motor controller 102
may recerve commands from a system controller 122 through
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a communication link 124. The system controller 122 can
monitor the rotary actuator 118 using system sensors 126. An
actuator feedback link 128 provides a feedback path between
the rotary actuator 118 and the system sensors 126. A system
sensor data link 130 can be used to pass data from the system
sensors 126 to the system controller 122. In the embodiment
depicted 1n FIG. 1, the compact FPGA-based digital motor
controller 102 performs closed-loop feedback control of the
DC brushless motor 108, while the system controller 122
provides closed-loop feedback control of the rotary actuator
118.

In an exemplary embodiment, the system controller 122
provides control and configuration commands to the compact
FPGA-based digital motor controller 102 and may also read
status data from the compact FPGA-based digital motor con-
troller 102. The system controller 122 can communicate with
multiple instances of the compact FPGA-based digital motor
controller 102 to command multiple nstances of the DC
brushless motor 108 and the rotary actuator 118 as part of a
larger control system.

Although the compact FPGA-based digital motor control-
ler 102 1s depicted as a single block, 1t will be understood that
the functionality implemented within the compact FPGA.-
based digital motor controller 102 can be distributed over
multiple FPGAs. FPGAs are semiconductor devices that can
be configured after manufacturing according to hardware
description language (HDL) files. HDL files may be imple-
mented 1n a variety of formats, such as very high-speed inte-
grated circuit hardware description language (VHDL) and/or
Verilog files. As used herein, the term “FPGA” can refer to
any programmable logic device capable of performing
closed-loop digital motor control absent software execution.

FIG. 2 depicts further details of an embodiment of the
compact FPGA-based digital motor controller 102. As 1llus-
trated 1n FI1G. 2, the compact FPGA-based digital motor con-
troller 102 includes hardware circuitry for a communication
interface 202, data registers 204, sensor interface 206, time
inverter 208, commutation control 210, and linear digital
compensation filter 212. The communication interface 202,
data registers 204, sensor mterface 206, time inverter 208,
commutation control 210, and linear digital compensation
filter 212 can be implemented 1n a single compact FPGA
device or distributed between multiple compact FPGA
devices. In one embodiment, the communication interface
202, data registers 204, sensor interface 206, time inverter
208, and commutation control 210 are grouped in a {first
compact FPGA 214, while the linear digital compensation
filter 212 1s included 1n a second compact FPGA 216. This
confliguration may enable a common implementation of the
first compact FPGA 214 and customized implementations of
multiple instances of the second compact FPGA 216 to sup-
port multiple configurations of the DC brushless motor 108
and the rotary actuator 118 of FIG. 1 as part of a larger control
system.

Both the first compact FPGA 214 and the second compact
FPGA 216 can be implemented using antifuse (one-time pro-
grammable) technology to decrease susceptibility to radia-
tion, such as alpha particles, which can cause circuits to
malfunction. Thus, implementing the compact FPGA-based
digital motor controller 102 1n antifuse technology may
increase overall reliability of the system 100 of FIG. 1, par-
ticularly in high-radiation environments. The physical area of
the first compact FPGA 214 and the second compact FPGA
216 may be about 1 inch-square (2.54 centimeters-square),
where the first compact FPGA 214 and the second compact
FPGA 216 contain about 100,000 gates each. It will be under-

stood that the physical dimensions and number of gates for
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4

the first compact FPGA 214 and the second compact FPGA
216 can vary within the scope of the mnvention.

The communication interface 202 1s coupled to the com-
munication link 124 to provide bidirectional communication
with the system controller 122 of FI1G. 1. The commumnication
interface 202 may support a variety of communication pro-
tocols and standards known 1n the art, such as RS-485 to
support point-to-point and multi-drop bus communication.
Data path 218 provides a bidirectional communication link
between the communication interface 202 and the data reg-
isters 204. The communication interface 202 can perform
communication protocol conversion, enabling the system
controller 122 of FIG. 1 to read and write values in the data
registers 204. The data registers 204 may store a variety of
configuration parameters, commands, and status information.
For example, the data registers 204 can interface with the time
mverter 208 and linear digital compensation filter 212 via
data path 220 and data path 222 respectively.

The sensor mterface 206 receives sensor data from the
sensor data link 106 and can provide conditioned sensor data
to the commutation control 210 using data path 224. The
sensor data received at the sensor interface 206 from the one
or more sensors 104 of FIG. 1 may be formatted as digital
position data. For example, each of the one or more sensors
104 can generate a pulse as a rotor of the DC brushless motor
108 of FIG. 1 rotates in close physical proximity to a given
sensor of the one or more sensors 104. The sensor interface
206 can use edge detection logic to trigger one or more timers
to start, stop, and/or capture time values as transitional edges
are detected. Timers may be included 1n the sensor interface
206 and/or 1n the commutation control 210.

The commutation control 210 can convert values recerved
from the sensor 1nterface 206 into commutation pulse data.
The commutation pulse data may be formatted as time values
indicating elapsed time between a common position and/or
multiple positions relative to the DC brushless motor 108 of
FIG. 1. The commutation pulse data is sent to the time imnverter
208 via data path 226.

In an exemplary embodiment, the time inverter 208 per-
forms a mathematical inversion of time values from the com-
mutation pulse data and outputs a rotational speed 1n revolu-
tions-per-minute (RPM). The time 1inverter 208 1s
implemented exclusively 1n hardware circuitry and performs
the mathematical inversion of time values (1/time) without
soltware assistance to provide a linear feedback control
parameter for controlling the DC brushless motor 108 of FIG.
1. The time inverter 208 may include scalable parameters to
control the accuracy of the calculations. In an exemplary
embodiment, the accuracy of the time inverter 208 1s scalable
between 24 and 48 bits. The time inverter 208 may also
support additional accuracy ranges. Converting non-linear
commutation pulse data to RPM provides linearization to
simplity closed loop control logic. Further or alternate scal-
ing, such as unit conversion may be performed prior to pass-
ing resulting data values to the data registers 204 on data path
220 and to the linear digital compensation filter 212 on data
path 230. Speed data passed to the data registers 204 can be
read by the system controller 122 of FIG. 1 using the com-
munication interface 202. Speed data passed to the linear
digital compensation filter 212 supplies a linear feedback
control parameter to determine an error value for controlling
the DC brushless motor 108 of FIG. 1.

The linear digital compensation filter 212 provides com-
pensation logic for stable control of the DC brushless motor
108 of FI1G. 1. The linear digital compensation filter 212 may
include one or more digital filter stages, such as an infinite
impulse response (IIR) filter or a finite 1impulse response
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(FIR) filter. The linear digital compensation filter 212 may
also include control loop logic for implementing any combi-
nation of proportional, integral, and/or differential control. A
commanded speed value can be recerved from the data regis-
ters 204, 1n addition to one or more gain values and filter
coellicients. The values from the time nverter 208 provide
control loop feedback for linear digital control. This avoids
complexity that may be associated with more advanced con-
trol loop designs, such as non-linear state space control. The
linear digital compensation filter 212 drives an output on data
path 232 that attempts to reduce an error value between a
commanded value and the actual value determined by the
time inverter 208. In an exemplary embodiment, the output on
data path 232 1s a compensation command for the commuta-
tion control 210, which may be 1n a pulse-width-modulation
(PWM) command.

The commutation control 210 converts compensation
commands from the linear digital compensation filter 212
into switching commands to output on the switch command
link 116. The commutation control 210 may 1ssue commands
as PWM cycles with an adjustable duty cycle and/or fre-
quency. In an exemplary embodiment, the commutation con-
trol 210 implements predictive control to avoid noise induced
errors. The predictive control can include filtering seli-gen-
erated noise. The commutation control 210 may use condi-
tioned sensor data generated by the sensor interface 206 to
determine when an error condition likely exists. For example,
the commutation control 210 can determine that the rate of
change between position data 1s too fast, indicating that false
pulses may be present. The commutation control 210 can
maintain a switching sequence from a previous switching
cycle or 1ssue no switching commands until the error condi-
tion 1s removed.

It will be understood that data paths 220-232 may be com-
bined 1into any combination of shared data path. Sharing data
paths can reduce the amount of resources dedicated to routing,
data paths within the compact FPGA-based digital motor
controller 102.

FIG. 3 depicts a process 300 for providing a compact
FPGA-based digital motor controller, such as the compact
FPGA-based digital motor controller 102 of FIGS. 1 and 2. At
block 302, the sensor interface 206 receives sensor data from
one or more sensors 104 indicating position information for
DC brushless motor 108. At block 304, the sensor interface
206 generates conditioned sensor data. At block 306, com-
mutation control 210 generates commutation pulses from the
conditioned sensor data. At block 308, time inverter 208
converts the commutation pulses mnto a rotational speed of the
DC brushless motor 108 to provide a linear feedback control
parameter. At block 310, commutation control 210 creates
switching commands to control commutation for the DC
brushless motor 108. Data registers 204 can be used to store
command and status information, with communication inter-
tace 202 providing communication between the data registers
204 and system controller 122 of FIG. 1. Linear digital com-
pensation filter 212 may receive the rotational speed from the
time mnverter 208 and a speed command from the data regis-
ters 204, outputting a compensation command to the commu-
tation control 210 responsive to the rotational speed and the
speed command. As previously described, the commutation
control 210 can 1include additional functionality, such as per-
forming predictive control to filter seli-generated noise.

As described above, embodiments of the invention may be
embodied 1n the form of hardware or any processes and/or
apparatuses for practicing the embodiments. The invention
may also be embodied 1n the form of a design structure for the

compact FPGA-based digital motor controller 102 of FIGS. 1
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and 2 tangibly embodied in a machine-readable medium,
such as a tloppy diskette, CD ROM, DVD, flash drive, solid-
state device, hard drive, or any other computer readable stor-
age medium. One or more HDL files and/or supporting
library files stored on one or more machine-readable medi-
ums can provide the functional structure to program one or
more FPGA devices to implement the compact FPGA-based
digital motor controller 102. The design structure can be
encoded in one or more FPGA devices, such as the first
compact FPGA 214 and the second compact FPGA 216, by
physically modifying the internal resistance of connections in
cach FPGA device to establish conductive paths for electrical
current to tlow.

Technical effects include a compact FPGA-based digital
motor controller. Performing a time inversion of position
information for a DC brushless motor in hardware rather than
soltware can avoid use of a microprocessor, computer system
components, and software, resulting 1n a geometrically com-
pact solution for DC brushless motor control. FPGA-based
time 1nversion circuitry enables the use of a digital linear
closed loop compensation filter instead of more complex
non-linear controls. Converting time data mmto RPM {for
closed loop control may further simplify the control logic.
The compact FPGA-based digital motor controller can also
avold the use of analog circuits to reduce board area and
increase reliability. Implementing the compact FPGA-based
digital motor controller 1in antifuse technology may further
enhance reliability 1n high radiation environments, such as
high altitude or space applications.

While the invention has been described 1n detail in connec-
tion with only a limited number of embodiments, it should be
readily understood that the invention 1s not limited to such
disclosed embodiments. Rather, the invention can be modi-
fied to mncorporate any number of variations, alterations, sub-
stitutions or equvalent arrangements not heretofore
described, but which are commensurate with the spirit and
scope of the mnvention. Additionally, while various embodi-
ments of the invention have been described, 1t 1s to be under-
stood that aspects of the mnvention may include only some of
the described embodiments. Accordingly, the invention 1s not
to be seen as limited by the foregoing description, but 1s only
limited by the scope of the appended claims.

What 1s claimed 1s:

1. A compact field programmable gate array (FPGA)-
based digital motor controller (102) comprising:

a sensor interface (206 ) implemented 1n hardware circuitry
configured to receive sensor data from one or more sen-
sors (104) and generate conditioned sensor data, the one
or more sensors (104) to provide position information
for a direct current (DC) brushless motor (108);

a commutation control (210) implemented 1n hardware
circuitry configured to create switching commands to
control commutation for the DC brushless motor (108),
the commutation control (210) generating commutation
pulses from the conditioned sensor data of the sensor
intertace (206); and

a time verter (208) implemented 1n hardware circuitry
configured to receive the commutation pulses from the
commutation control (210) and convert the commuta-
tion pulses 1nto a rotational speed of the DC brushless
motor (108) to provide a linear feedback control param-
eter;

wherein accuracy of the time inverter (208) is scalable.

2. The compact FPGA-based digital motor controller (102)
of claim 1 further comprising:

data registers (204) configured to store command and sta-
tus information; and
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a communication interface (202) in communication with
the data registers (204) to provide communication with a
system controller (122).

3. The compact FPGA-based digital motor controller (102)

of claim 2 further comprising:

a linear digital compensation filter (212) configured to
receive the rotational speed from the time inverter (208)
and a speed command from the data registers (204), the
linear digital compensation filter (212) outputting a
compensation command to the commutation control
(210) responsive to the rotational speed and the speed
command.

4. The compact FPGA-based digital motor controller (102)
of claim 3 wherein the time 1nverter (208) 1s implemented 1n
a first compact FPGA (214) and the linear digital compensa-
tion filter (212) 1s implemented 1n a second compact FPGA
(216).

[S. The compact FPGA-based digital motor controller
(102) of claim 1 wherein accuracy of the time inverter (208)
is scalable.]

6. The compact FPGA-based digital motor controller (102)
of claim 1 wherein the commutation control (210) performs
predictive control to filter self-generated noise.

7. The compact FPGA-based digital motor controller (102)
of claim 1 wherein the compact FPGA-based digital motor
controller (102) 1s implemented 1n antifuse technology.

8. A method for controlling a motor with a compact field
programmable gate array (FPGA)-based digital motor con-
troller (102) comprising;:

receiving sensor data from one or more sensors (104) indi-
cating position mformation for a direct current (DC)
brushless motor (108);

generating conditioned sensor data at a sensor interface
(206) implemented 1n hardware circuitry of the compact
FPGA-based digital motor controller (102);

generating commutation pulses from the conditioned sen-
sor data at a commutation control (210) implemented 1n
hardware circuitry of the compact FPGA-based digital
motor controller (102);
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converting the commutation pulses into a rotational speed
of the DC brushless motor (108) at a time inverter (208)
implemented 1n hardware circuitry of the compact
FPGA-based digital motor controller (102) to provide a
linear feedback control parameter; and

creating switching commands at the commutation control

(210) to control commutation for the DC brushless
motor (108);

wherein accuracy of the time inverter (208) is scalable.

9. The method of claim 8 further comprising;:

storing command and status information in data registers

(204) of the compact FPGA-based digital motor control-
ler (102); and
providing communication between the data registers (204)
and a system controller (122) via a communication inter-
face (202) of the compact FPGA-based digital motor
controller (102).

10. The method of claim 9 further comprising;:

recerving the rotational speed from the time 1nverter (208)
and a speed command from the data registers (204) at a
linear digital compensation filter (212) of the compact
FPGA-based digital motor controller (102); and

outputting a compensation command to the commutation
control (210) responsive to the rotational speed and the
speed command.

11. The method of claim 10 wherein the time 1nverter (208)
1s implemented 1n a first compact FPGA (214) and the linear
digital compensation filter (212) 1s implemented in a second
compact FPGA (216).

[12. The method of claim 8 wherein accuracy of the time
inverter (208) is scalable.]

13. The method of claim 8 wherein the commutation con-
trol (210) performs predictive control to filter seli-generated
noise.

14. The method of claim 8 wherein the compact FPGA-
based digital motor controller (102) 1s implemented 1n anti-
fuse technology.
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