US 20180205391A1

United States

(19)
a2 Patent Application Publication o Pub. No.: US 2018/0205391 A1
Bird et al. 43) Pub. Date: Jul. 19, 2018
(54) RESOLVER TO DIGITAL CONVERSION (52) US. CL
APPARATUS AND METHOD CPC ............ HO03M 1/485 (2013.01); GOID 5/204
(2013.01)
(71) Applicant: RAYTHEON COMPANY, Waltham,
MA (US)
(72) Inventors: Marcos Bird, McKinney, TX (US); 67 ABSTRACT
Brian D. Pautler, The Colony, TX
(US)
(21) Appl. No.: 15/408,541 A resolver to digital converter is provided and includes first
and second inputs to receive signals from a resolver and an
(22) Filed: Jan. 18, 2017 output to provide an estimated angle of a rotor. The sine
L . . component signal is multiplied by the cosine of the esti-
Publication Classification mated angle and the cosine component signal is multiplied
(51) Int. CL by the sine of the estimated angle, and a difference between
HO3M 1/48 (2006.01) them is calculated to provide an error measurement. The
GO1D 5/20 (2006.01) estimated angle is updated by the error measurement.
200
222 220 /
[ [
#1 ZERO CROSSING - 4/
] TRIGGER SIGN TOGGLE
202 210
[ f rzz 6 218

(s1) 3 Ny

fZQB

206

TRIG

TABLES




Patent Application Publication  Jul. 19,2018 Sheet 1 of 5 US 2018/0205391 A1

100
\

O o
N,

HIG. 1
(Related Art)



Patent Application Publication  Jul. 19,2018 Sheet 2 of 5 US 2018/0205391 A1

s
~y
7

3 + o~
o bt — 5. £33
N a000000!
L D ) % i
T STy
- bed 2 od
oG
&2 Pt
[4p] foe
3
L) [}
[ o Rl
o o [t}
=
% A (I (- T Y
L...., mCK: > > o ‘Zb—’
& Lad & ')
&:w [74] O
o% 4 T | 1 %
Y
[
ﬁ T

202
204

S1
S



US 2018/0205391 A1l

Jul. 19, 2018 Sheet 3 of 5

Patent Application Publication

M\OMN 907

(
% SINOILIONGD

[

D

&

M(mwam wmmg

c@om\

gie

mwmg

¢ oid
iS00
| STavL @)
& 9L OIE
%ﬁ
o
.y i QY
ozz- 70T
X
= & o+
v27 i ozoz-
119901 NOIS | MIOML
~/+ ONISSOYD 0437 Lt
@Ni Nwi



US 2018/0205391 A1l

Jul. 19, 2018 Sheet 4 of 5

Patent Application Publication

¥ ol

bz

ON

4

G e,
i1 RN
151 JONIS JRIL

(-/+) NoIS 319901
SA]

Ry

HONON3_~

0 110NV d0L0d SY & LINdINO

1 Lyiy

dOMY3 ONIGAY Ad 6 3LVQdN

M L1y

S3A

e300 40 INISSOND-0HIZ
a9y~ :

SO0 ONY NIS
40 INIYARIG

gLy

og iy 4

b TS
7 JAIYAIG
~. 43I0V

S~

NOIS AH HOM¥d ATdUNNA

4 Loy

INFNFUNSYEN J08dd 3IVINOTYO

m Lgoy

NIS 40 ONISSO¥O-0H3Z =

(Bluis A8 SOD ATJLEINK
# (8800 A8 NIS ATdILINW

m Looy

@cv\

UG OL SO0 ® NIS I¥IANOO

4 Lpop

SIAT0SEY WO4 503 ® NIS 3AEOH

Lzop




US 2018/0205391 A1l

Jul. 19, 2018 Sheet S of 5

Patent Application Publication

WALSAS

dA10dR00

awmu

WILSAS

dALNAROD

owmu

@om\M\%

G ol
IOVH0LS
ommu
ININIT3
.wuqmmmyzm 1 NowoINNOOWIN [ WMO§ME
095 @mmu 0vS
HOSSIN0Nd
WIISAS ]
HILNAROD 085

wwmu




US 2018/0205391 Al

RESOLVER TO DIGITAL CONVERSION
APPARATUS AND METHOD

GOVERNMENT LICENSE RIGHTS

[0001] This invention was made with Government sup-
port. The Government has certain rights in the invention.

BACKGROUND

[0002] Resolvers are electromechanical angle transducers
that may be used for position and speed measurement within
rotating equipment, such as motors, pumps, servos, vehicles,
robotics, radar systems, and the like. Typically a primary
electrical winding is mechanically coupled to the rotating
equipment and is energized by an excitation signal. Two or
more secondary windings are located near the primary
winding with intersecting positions and/or orientations, and
are electromagnetically coupled to the primary winding, as
in a transformer. The coupling factor to each secondary
winding is dependent upon the angular orientation of the
primary winding, which changes as the primary winding
rotates. Accordingly, the coupling factors to the secondary
windings vary with the angular orientation of the primary
winding. By monitoring and processing signals from the
secondary windings, information may be determined about
the angle, speed, and acceleration of the rotating equipment.
It is often desirable to produce a digital indication of the
angular information.

SUMMARY OF THE INVENTION

[0003] Aspects and embodiments are directed to resolver
to digital converters that receive input signals from second-
ary windings of a resolver and provide a digital indication of
the angular position of the resolver without the excitation
signal available for a conventional demodulation. The indi-
cation of angular position may be achieved without a
demodulation by, for example, determining zero-crossing
points of the secondary winding signals to apply a sign
(positive or negative) to a processed signal that is conven-
tionally demodulated. Determination of whether to apply a
positive or a negative value to the signal effectively elimi-
nates the need to demodulate and thereby eliminates the
need to have a reference excitation signal provided or
internally regenerated.

[0004] According to one aspect, a resolver converter is
provided that includes a first input to receive a first signal,
the first signal representing a sine component of a rotor
angle; a second input to receive a second signal, the second
signal representing a cosine component of the rotor angle; an
output to provide an estimated rotor angle; at least one
multiplier configured to multiply the first signal by the
cosine of the estimated rotor angle to produce a first mul-
tiplied signal and to multiply the second signal by the sine
of the estimated rotor angle to produce a second multiplied
signal; a subtractor configured to calculate a difference
between the first and second multiplied signals, the differ-
ence being an error measurement; and a combiner config-
ured to update the estimated rotor angle by combining the
error measurement with the estimated rotor angle.

[0005] In various embodiments, the resolver converter
may include an analog to digital converter configured to
convert the first and second signals from an analog form to
a digital form. In embodiments, the resolver converter may
include a lookup table configured to provide the cosine of
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the estimated rotor angle and to provide the sine of the
estimated rotor angle. The resolver converter may include a
toggle element configured to selectively reverse the sign of
the error measurement.

[0006] In embodiments, the combiner may be configured
to update the estimated rotor angle by adding the error
measurement after the error measurement is selectively
multiplied by one of positive unity and negative unity. The
error measurement may be selectively multiplied by the one
of positive unity and negative unity based upon a current
binary state of a sign indicator, and the sign indicator may
toggle between two binary states, the toggle event being
triggered by detection of a zero crossing in at least one of the
first signal and the second signal.

[0007] According to another aspect, a method of convert-
ing resolver signals to an estimated rotor angle is provided
and includes receiving a first signal from a resolver, the first
signal representing a sine component of a rotor angle;
receiving a second signal from the resolver, the second
signal representing a cosine component of the rotor angle;
multiplying the first signal by a cosine of the estimated rotor
angle to provide a third signal; multiplying the second signal
by a sine of the estimated rotor angle to provide a fourth
signal; calculating an error measurement as a difference
between the third and fourth signals; and modifying the
estimated rotor angle by combining the error measurement
with the estimated rotor angle.

[0008] In embodiments, the method includes converting
the first and second signals from an analog form to a digital
form. In embodiments, the method includes selecting the
cosine of the estimated rotor angle and the sine of the
estimated rotor angle from a lookup table. In embodiments,
the method includes selectively reversing the sign of the
error measurement.

[0009] Inembodiments, combining the error measurement
with the estimated rotor angle may include adding the error
measurement after the error measurement is selectively
multiplied by one of positive unity and negative unity. The
error measurement may be selectively multiplied by the one
of positive unity and negative unity based upon a current
binary state of a sign indicator. The sign indicator may be
toggled between two binary states, the toggling triggered by
detection of a zero crossing in at least one of the first signal
and the second signal.

[0010] According to another aspect, a non-transitory com-
puter readable medium having stored instructions is pro-
vided, and the instructions, when executed by a processor
coupled to a resolver, cause the processor to perform a
method including receiving a first signal from the resolver,
the first signal representing a sine component of a rotor
angle; receiving a second signal from the resolver, the
second signal representing a cosine component of the rotor
angle; multiplying the first signal by a cosine of the esti-
mated rotor angle to provide a third signal; multiplying the
second signal by a sine of the estimated rotor angle to
provide a fourth signal; calculating an error measurement as
a difference between the third and fourth signals; and
modifying the estimated rotor angle by combining the error
measurement with the estimated rotor angle.

[0011] In embodiments, the medium may include instruc-
tions for converting the first and second signals from an
analog form to a digital form. In embodiments, the medium
may include instructions for selecting the cosine of the
estimated rotor angle and the sine of the estimated rotor
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angle from a lookup table. The medium may include instruc-
tions for selectively reversing the sign of the error measure-
ment.

[0012] Inembodiments, combining the error measurement
with the estimated rotor angle includes adding the error
measurement after the error measurement is selectively
multiplied by one of positive unity and negative unity. The
error measurement may be selectively multiplied by the one
of positive unity and negative unity based upon the current
binary state of a sign indicator. The sign indicator may be
toggled between two binary states, the toggling triggered by
detection of a zero crossing in at least one of the first signal
and the second signal.

[0013] Still other aspects, examples, and advantages of
these exemplary aspects and examples are discussed in
detail below. Examples disclosed herein may be combined
with other examples in any manner consistent with at least
one of the principles disclosed herein, and references to “an
example,” “some examples,” “an alternate example,” “vari-
ous examples,” “one example” or the like are not necessarily
mutually exclusive and are intended to indicate that a
particular feature, structure, or characteristic described may
be included in at least one example. The appearances of such
terms herein are not necessarily all referring to the same
example.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Various aspects of at least one example are dis-
cussed below with reference to the accompanying figures,
which are not intended to be drawn to scale. The figures are
included to provide illustration and a further understanding
of the various aspects and examples, and are incorporated in
and constitute a part of this specification, but are not
intended as a definition of the limits of the invention. In the
figures, each identical or nearly identical component that is
illustrated in various figures is represented by a like numeral.
For purposes of clarity, not every component may be labeled
in every figure. In the figures:

[0015] FIG. 1 is a schematic diagram of a resolver;

[0016] FIG. 2 is a schematic diagram of one example of a
resolver to digital converter in accord with aspects of the
invention;

[0017] FIG. 3 is a schematic diagram of another example
of'a resolver to digital converter in accord with aspects of the
invention;

[0018] FIG. 4 is a flow diagram of one example of a
method of converting resolver signals into digital angular
information in accord with at least one aspect of the inven-
tion; and

[0019] FIG. 5 is a block diagram of one example of a
computer system suitable for implementing resolver to digi-
tal converters in accord with aspects of the invention.

DETAILED DESCRIPTION

[0020] Aspects and embodiments are directed to resolver
to digital converters that receive input signals from second-
ary windings of a resolver and provide a digital indication of
the angular position of the resolver without performing a
conventional demodulation. Accordingly, the resolver to
digital converters disclosed herein do not need to be pro-
vided with the excitation signal, which may be unavailable,
nor is it necessary to internally recover or generate a
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synthesized reproduction of the excitation signal, which
saves complexity and expense in design and production.
[0021] Itis to be appreciated that examples of the methods
and apparatuses discussed herein are not limited in applica-
tion to the details of construction and the arrangement of
components set forth in the following description or illus-
trated in the accompanying drawings. The methods and
apparatuses are capable of implementation in other
examples and of being practiced or of being carried out in
various ways. Examples of specific implementations are
provided herein for illustrative purposes only and are not
intended to be limiting. Also, the phraseology and terminol-
ogy used herein is for the purpose of description and should
not be regarded as limiting. The use herein of “including,”
“comprising,” “having,” “containing,” “involving,” and
variations thereof is meant to encompass the items listed
thereafter and equivalents thereof as well as additional
items. References to “or” may be construed as inclusive so
that any terms described using “or” may indicate any of a
single, more than one, and all of the described terms. Any
references to front and back, left and right, top and bottom,
upper and lower, and vertical and horizontal are intended for
convenience of description, not to limit the present systems
and methods or their components to any one positional or
spatial orientation.

[0022] FIG. 1 is a schematic diagram of an example of a
resolver 100. The example resolver 100 is an electrome-
chanical device that includes a primary winding 110 and two
secondary windings 120a, 1205. The two secondary wind-
ings 120qa, 1205 are positioned at a right angle to each other,
generally having axes perpendicular to and intersecting one
another. The primary winding 110 is disposed on a rotor and
allowed to rotate, and is typically placed in mechanical
connection with rotating equipment to be measured/moni-
tored. The secondary windings 120a, 1205 are typically
disposed on a stator and do not rotate with the rotating
equipment. The two secondary windings 120a, 1205, at right
angles to one another and in proximity to the primary
winding 110, operate as a pair of variable coupling trans-
formers, with the amount of electromagnetic coupling
between the primary winding 110 and each of the two
secondary windings 120a, 1205, varying according to the
position of the rotor.

[0023] When the primary winding 110 is driven by an
excitation signal, for example a sinusoidal signal, secondary
signals are induced in the two secondary windings 120a,
1204. The amount of coupling is dependent upon the angular
position of the rotor relative to the stator, resulting in the
generation of two signals (one from each of the two sec-
ondary windings 120a, 1205) whose relative amplitude and
phase relationship are indicative of the angular position of
the rotor.

[0024] Other examples of resolvers may include more or
different secondary windings or may be in different orien-
tations. In other embodiments, the primary and secondary
windings may all be on the stator (or rotor), and the variation
in coupling may be achieved through variable reluctance
created by the rotor (or stator). In various embodiments,
alternate resolvers may be the source of the signals pro-
cessed to generate angular position information.

[0025] With continuing reference to FIG. 1, a sinusoidal
excitation signal (E) may be provided to the primary wind-
ing 110 having an excitation frequency f=w/2m, where f is
the frequency (typically in cycles/sec, or Hertz, Hz) and
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is the angular frequency (typically in radians/sec, rad/sec). It
should be noted the angular frequency of the excitation
signal is independent and distinct from the angular rotation
rate of the rotor, which may also be expressed in rad/sec. The
former is the frequency of the excitation signal driving the
primary winding 110 whereas the latter is the mechanical
rotation rate of the rotor. The excitation frequency is typi-
cally chosen to be much higher than the maximum expected
rotation rate of the rotor, such that the excitation signal will
provide multiple signal cycles during any full rotation of the
rotor, even when the rotor is spinning at its maximum speed.
The excitation signal may be mathematically described as
E=A, sin(wt), where A, is the amplitude of the excitation
signal and t is time.

[0026] Angular position of the rotor is presented with
reference to the angle of the main axis of the primary
winding 110 relative to the axis of one of the secondary
windings, e.g., secondary winding 1204, as annotated by the
symbol 6 in FIG. 1.

[0027] A secondary signal will be induced in each of the
secondary windings 120a, 1205, based upon the excitation
signal in the primary winding 110 and a coupling factor that
depends upon the rotor angle, 6. For example, when 6=90°
coupling between the primary winding 110 and the first
secondary winding 120a will be at a maximum, and cou-
pling between the primary winding 110 and the second
secondary winding 12056 will be at a minimum. As the rotor
rotates, i.e., for any angular position of rotor angle 6, the
induced signal in the first secondary winding 120a will vary
in amplitude as the sin(0), and the induced signal in the
second secondary winding 1205 will vary in amplitude as
the cos(0). Mathematically, the two secondary windings
120a, 1205, will generate induced signals, respectively, as
follows:

S1=4, sin(w?) sin(6) (6]

S2=4, sin(w?) cos(0) @

where A, is the amplitude of the induced signals and is
related to A, by a transformation ratio, i.e., the maximum
coupling factor when the primary winding 110 is axially
aligned with either of the secondary windings 120a, 1205.
Note that the S1 signal is a variant of the excitation signal
factored by the sine of the rotor angle 6 and the S2 signal is
avariant of the excitation signal factored by the cosine of the
rotor angle 0. Accordingly, the S1 and S2 signals contain
information regarding the rotor angle 6 and the S1 and S2
signals may be referred to as the SIN and COS signals,
respectively.

[0028] In accord with the above description, a resolver is
an electromechanical sensor, or transducer, that when driven
with an excitation signal produces induced signals (e.g.,
SIN, COS) dependent upon relative angular position, 0, of a
rotor. The SIN and COS signals need to be processed to
provide a useful output of angular information, such as the
angle 0, rotation rate, or acceleration, for example. Angular
information is often desired to be in a digital format.
Circuitry and/or logic that generates digital angular infor-
mation according to signals received from a resolver is
called a Resolver-to-Digital Converter (RDC).

[0029] FIG. 2 is a block diagram of an example of an RDC
200 in accord with certain embodiments. The RDC 200 of
FIG. 2 includes a first input 202 to receive the SIN (i.e., S1)
signal from, e.g., the first secondary winding 120aq, a second
input 204 to receive the COS (i.e., S2) signal from, e.g., the
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second secondary winding 1205, and an output 206 to
provide a signal that indicates an estimated rotor angle, ¢,
based upon the SIN and COS signals.

[0030] According to one embodiment, operation of the
RDC 200 occurs by making incremental adjustments to the
estimated rotor angle, ¢, so that its value approaches the
actual rotor angle, 0. At any given time, the output 206
indicates some estimated rotor angle, ¢. The estimated rotor
angle ¢ is fed into a lookup table 208 that provides trigo-
nometric values of the cosine and sine of the estimated rotor
angle . The trigonometric values are multiplied by the SIN
and COS signals, respectively, at a first multiplier 210 and
a second multiplier 212, respectively. Accordingly, the S1
signal, which is the SIN signal, is multiplied by cos(p) and
the S2 signal, which is the COS signal, is multiplied by
sin(p). The mathematical representation of the output sig-
nals of the first multiplier 210 and the second multiplier 212
are, respectively:

A, sin(ot) sin(6) cos(¢p) 3

A, sin(ot) cos(0) sin(¢) (©)]

It should be noted that if the estimated rotor angle ¢ is equal
to the actual rotor angle 6, expressions (3) and (4) are equal.
If the estimated rotor angle ¢ is not equal to the actual rotor
angle 0, the difference between expressions (3) and (4)
indicates an amount by which the estimate should be
changed. A subtractor 214 calculates the difference between
expressions (3) and (4), and the result is an error measure-
ment. The error measurement is an indication of the amount
by which the estimated rotor angle ¢ should be adjusted to
approach the actual rotor angle 6. At this point, the error
measurement, which is the output of the subtractor 214, may
either need to be added to the existing estimated rotor angle
¢ or be subtracted from the existing estimated rotor angle @.
Accordingly, a third multiplier 216 multiplies the error
signal by a value that is either +1 or -1, and thereby affects
whether a feedback adder 218 adds or subtracts the error
measurement from the existing estimated rotor angle ¢ to
generate a new estimated rotor angle ¢ closer in value to the
actual rotor angle 6. Through iterations, the estimated rotor
angle ¢ will adjust in value to move closer to the actual rotor
angle 0 value until the two values match, i.e., =0, at which
point the output 206 indicates the actual rotor angle 6.
[0031] The value +1 or -1 provided as an input to the third
multiplier 216, which determines whether the error mea-
surement is added or subtracted from the existing estimated
rotor angle ¢, is determined by a toggle circuit 220. The
toggle circuit 220 toggles between the output values of +1
and -1, and, according to certain embodiments, the toggle is
driven, or triggered, by zero crossings in the SIN and COS
signals. The trigger is provided by a zero crossing detector
222, discussed in further detail below.

[0032] As will be appreciated by those skilled in the art,
the example RDC 200 has been described without regard to
whether the schematic diagram shown in FIG. 2 is imple-
mented in digital or analog form. In certain embodiments,
the RDC 200 may operate in the analog domain and the
output 206 may be an analog signal fed to an Analog-to-
Digital Converter (ADC) that ultimately yields a digital
indication of rotor angle 6. Alternatively, the RDC 200 may
be implemented as a digital circuit whereby the input SIN
and COS signals are processed by one or more ADC’s to be
in digital form at the inputs 202, 204. Convergence of the
output 206 may be affected by various time constants of the
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circuitry when implemented in analog form and by clock
rate when implemented digitally. While certain embodi-
ments may include either form of RDC 200, the discussion
below presumes that the SIN and COS signals have been
digitized by one or more ADC’s and the circuitry of FIG. 2
is implemented in digital form. A digital form RDC 200 may
be implemented in hardware logic, software logic, or any
combination thereof. In at least one embodiment, the RDC
200 is implemented as executable instructions stored on a
computer readable medium and executed on one or more
processors.

[0033] As discussed above, the frequency of the excitation
signal applied to the resolver may be much higher than the
maximum mechanical rotational frequency that the rotor is
expected to experience. In this way, each of SIN and COS
will provide multiple induced signal cycles at the excitation
frequency over small changes in the rotor angle 6, even for
high rotation rates where the rotor angle 6 may be changing
rapidly with time. Note from expressions (3) and (4) above
that the excitation frequency remains in the SIN and COS
signals, thus a typical sampling rate to digitize the SIN and
COS signals will be at least double the excitation frequency,
according to the Nyquist criterion, and in some embodi-
ments may be significantly higher. As a result, an operational
clock frequency, at the sampling rate, processes multiple
samples of the SIN and COS signals for each cycle of the
excitation signal, and therefore, also for small changes in
rotor angle 6 even when the rotor is spinning at an expected
maximum rate, i.e., even when the rotor angle 0 is changing
rapidly. Accordingly, the RDC 200, clocked at a high enough
sampling rate, is able to precisely track the rotor angle 0
according to varying operational needs and design criteria.
In various embodiments, sampling rates, resolutions, and
switching speeds of the components of RDC 200 may be
varied to meet varying specifications and application needs.

[0034] FIG. 3 illustrates another example of an RDC 200a
having similar components as the RDC 200 but including
analog-to-digital converters (ADC’s) 224, 226 that digitize
the SIN and COS signals received at inputs 202, 204,
respectively. In the RDC 200a of FIG. 3, the inputs 202, 204
are analog inputs receiving the induced SIN and COS
signals from the secondary windings 120a, 1205, respec-
tively. Once the SIN and COS signals are digitized, the
remainder of the RDC 200a shown in FIG. 3 may be
implemented in hardware logic, software logic, or any
combination thereof, as noted above.

[0035] According to one embodiment, the RDC 200a of
FIG. 3 includes a conditioner 228 that receives the output
206 from the adder 218 and provides a conditioned output
206a that is a low-pass filtered version of the output 206
discussed above. The conditioned output 2064 indicates the
estimated rotor angle ¢, and by extension the actual rotor
angle 0 as discussed above, stripped of high frequency
variations. The result is that the output 2064 does not
indicate variations produced by high frequency components
or products of the excitation signal, such as, for example,
impulse responses or convergence times or residuals of the
excitation signal. Applying the conditioner 228 produces an
output 206a that is smoother than the output 206. In one
embodiment, the conditioner 228 may be implemented as a
hold circuit that requires any change in the estimated rotor
angle @ to be maintained for a certain number of sample
times before allowing the change to be reflected at the output
206a. The output 2064 provides beneficial smoothing of the
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estimated rotor angle ¢, avoiding sudden jumps or changes
in the output that may be erroneous or may be problematic
to further processing circuitry. The number of sample times
may be varied to accommodate changing operational needs
and applications. In other embodiments, the conditioner 228
may incorporate a weighted average of prior values, or may
be any other implementation suitable to smooth the output
206a.

[0036] The conditioner 228 of the RDC 200a may also
provide a time-derivative output 230 that indicates the rate
at which the estimated rotor angle ¢, and by extension the
actual rotor angle 0, is changing. A time-derivative rate of
change of the rotor angle 6 is a measure of rotor’s mechani-
cal angular movement per unit time and may be indicated,
for example, in units of radians per second, degrees per
second, rotations per minute, or the like. In at least one
embodiment, the derivative function of the conditioner 228
may be implemented as logic that subtracts, from a current
estimated rotor angle ¢, the estimated rotor angle ¢ from the
previous unit of time. In other embodiments, the derivative
may involve a running average that factors in additional time
units or any time window, or a weighted average that factors
in a decaying influence of past estimated rotor angles . In
other embodiments, the time derivative may be implemented
differently, as will be appreciated by those skilled in the art,
given the benefit of this disclosure.

[0037] As discussed above, the RDC 200 or 200a may
include a zero crossing detector 222. The zero crossing
detector 222 triggers the toggle circuit 220 to selectively
cause the error measurement to be added or subtracted from
the estimated rotor angle ¢. The zero crossing detector 222
receives as inputs the sampled SIN and COS signals, as
illustrated in FIG. 3. Given the physical architecture of the
resolver, the SIN and COS signals are substantially in-phase
or substantially 180° out-of-phase with each other, depend-
ing upon which quadrant the rotor is in. For example, in one
quadrant of the rotor, both the SIN and COS signals will be
essentially in phase with the excitation signal. The phase of
each secondary winding 120q, 1206 will reverse as the
primary winding 110 passes through a perpendicular orien-
tation with respect to each secondary winding 120a, 12054.
Thus, beginning in a quadrant where the SIN and COS
signals are essentially in phase with the excitation signal, the
primary winding 110 will pass through a perpendicular
orientation with one of the secondary windings 120, causing
either the SIN signal or the COS signal to reverse phase as
the rotor enters the next quadrant. As the rotor continues
around, the primary winding 110 will approach a perpen-
dicular orientation with the other secondary winding 120,
causing the other of the SIN or COS signal to reverse phase.
In this manner, the SIN and COS signals continuously
alternate between being substantially in-phase and out-of-
phase with each other as the rotor passes from one quadrant
to the next. For a high excitation frequency relative to the
rotational rate of the rotor, the SIN and COS signals produce
multiple cycles (at the excitation frequency) over relatively
small changes in rotor angle 6. With each cycle of the
excitation signal, the SIN and COS signals alternate twice,
e.g., they each change from positive to negative, relative to
a zero DC offset, and back again from negative to positive,
during each cycle. When the SIN and COS signals change
sign, the error measurement as calculated by the subtractor
214 also changes sign.
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[0038] As discussed above, the difference calculated by
the subtractor 214 is an error measurement that changes sign
due to the alternating cycles, even when the error is not
changing. To correct for this, the toggle circuit 220 applies
alternating +1 and -1 values to the error measurement via
the third multiplier 216 before the error measurement is
added to estimated rotor angle ¢ by the adder 218. The result
is to selectively add or subtract the error measurement to
correct for, and thereby remove, the cycle-based sign change
in the error measurement occurring at twice the excitation
frequency. Note this “erroneous” sign change in the error
measurement occurs when the SIN and COS signals pass
through their mid-point values, changing from positive to
negative, or vice versa, also known as their zero-crossing
points.

[0039] Use of the term “zero-crossing points” does not
necessarily mean the instant a signal has a zero voltage level.
Rather, the term is intended to refer to instances where the
SIN or COS signals change “polarity.” In certain examples,
such as were the SIN and COS signals to be ideal signals
with no DC bias or offset, the SIN and COS signals literally
cross through a zero voltage level. However, in other
examples, at least because the SIN and COS signals may be
digitized, as in the RDC 200a of FIG. 3, the ADC’s may add
a DC offset and therefore the digital values may not literally
indicate zero volts when the alternating analog signal
changes polarity, i.e., crosses through zero. Accordingly, the
“zero-crossing points” may be determined by methods other
than detecting a literal zero voltage or digital value of zero.
[0040] For example, and in at least one embodiment, the
zero-crossing point of a sinusoidal signal occurs at the points
in the waveform that have the highest slope, positive or
negative, i.e., where the signal is changing the most rapidly
in either an increasing or a decreasing direction. Accord-
ingly, in at least one embodiment, the zero crossing detector
222 takes the derivative of the SIN and COS signals and
identifies the zero-crossing points as those points where SIN
and COS are changing the most rapidly, whether increasing
or decreasing. In other embodiments, the zero crossing
detector 222 may detect the zero-crossing points using other
methods.

[0041] In another example, it is recognized that the SIN
and COS signals are equal to each other at the zero-crossing
points, because they are either in-phase or 180° out-of-phase
with each other at each point in time. Thus certain embodi-
ments may implement a zero crossing detector 222 that
identifies points in time when SIN is equal to COS, which
may indicate that a zero-crossing is occurring at those
points.

[0042] The zero crossing detector 222 triggers the toggle
circuit to change the sign, i.e., the +1 or -1 value, applied to
the error measurement by the third multiplier 216 when the
zero crossing detector 222 identifies a zero-crossing point.
Alternatively stated, the zero crossing trigger causes the
toggle circuit 220 in conjunction with the third multiplier
216 and the adder 218 to selectively add or subtract the error
measurement from the estimated rotor angle @.

[0043] In some embodiments, the zero crossing detector
222 may include a threshold element that requires either the
SIN signal or the COS signal to exceed a threshold ampli-
tude before using the respective SIN or COS signal for
determination of a zero-crossing point. This is beneficial
because when the primary winding 110 is at a right angle to
one of the two secondary windings 120q, 1205, i.e., when
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the rotor angle 6 is one of 0°, 90°, 180°, or 270°, one of the
two secondary windings 120a, 1205, will briefly have zero
amplitude because the coupling factor between two wind-
ings at right angles to each other is zero (at least in theory,
with ideal windings and ideal mechanical alignment).
Accordingly, it may be unreliable to detect a zero-crossing
point based upon the derivative of a SIN or COS signal with
a low amplitude. However, whenever one of the secondary
windings 120a, 1205 is perpendicular to the primary wind-
ing 110, the other of the secondary windings 120q, 1205 will
be axially aligned with the primary winding 110. The result
is that when the SIN signal amplitude is at a minimum (6=0°
or 180°; sin(6)=0), the COS signal amplitude will be at a
maximum (cos(6)=1). Likewise, when the COS signal is at
a minimum (6=90° or 270°; cos(6)=0), the SIN signal
amplitude will be at a maximum (sin(6)=1). By applying a
threshold to the SIN and COS signal amplitudes, in embodi-
ments the zero crossing detector 222 may alternately use
whichever of the SIN or COS signals has a higher amplitude,
and therefore higher reliability, for identifying zero-crossing
points.

[0044] According to certain embodiments, the RDC 200
and RDC 200a advantageously operate without down-con-
verting or demodulating the SIN or COS signals. The
excitation signal remains as a fundamental carrier frequency
in the SIN and COS signals as they are processed by the
RDC 200 or RDC 200aq. In certain examples the excitation
frequency may be present at the output 206, and may only
be finally removed by the conditioner 228. Because the
RDC’s 200, 200a do not rely on demodulation, there is no
need to recover or otherwise have the excitation signal
available.

[0045] Turning to FIG. 4, a method 400 of converting
resolver winding signals into digital angular information is
presented. The method of FIG. 4 may be implemented by at
least the RDC 200a as described above, and portions of the
method may be implemented in hardware-based logic, soft-
ware-based logic, or any combination thereof, as will be
understood by those of skill in the art with the benefit of this
disclosure. Referring to FIG. 4, and with further reference to
FIGS. 2 and 3, according to one embodiment, the method
400 includes receiving SIN and COS signals from resolver
windings (step 402) at, for example, the inputs 202 and 204,
where the SIN and COS signals correspond to the analog
induced signals from the first secondary winding 120a and
the second secondary winding 1205, respectively. The SIN
and COS signals are digitized (at step 404) by, for example,
the ADC’s 224 and 226. The SIN signal is multiplied by the
cosine of an estimated angle ¢ and the COS signal is
multiplied by the sine of the estimated angle ¢ (step 406) by,
for example, the first multiplier 210 and the second multi-
plier 212, utilizing trigonometric values provided by, for
example, the lookup table 208. An error measurement is
calculated (step 408) by, for example, the subtractor 214, as
the difference between the multiplied COS signal from the
multiplied SIN signal. The error measurement is multiplied
by a SIGN value, i.e., +1 or -1 (step 410) by, for example,
the third multiplier 216, and added to the estimated angle ¢
to generate a new estimated angle ¢ (step 412) by, for
example, the adder 218. The estimated angle ¢ is output as
the rotor angle 6 (step 414) at, for example, the output 206,
and used in the next calculation of sine and cosine values in
step 406. The +1 or -1 value of SIGN (used at step 410) is
updated at intervals by monitoring for zero-crossings of SIN
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and COS (at steps 416). When a zero-crossing occurs, the
derivative (step 418) of SIN and COS are compared (at steps
420) and if the zero-crossing occurred in the signal having
the largest derivative, the value of SIGN is toggled (step
424). A threshold of time (step 422) since the last toggle may
also be applied. Each of the steps 416 through 422 may be
performed, for example, by the zero crossing detector 222.
When a zero-crossing point is identified, the value of SIGN
is toggled from +1 to -1 or vice versa (step 424) by, for
example, the toggle circuit 220.

[0046] Various aspects and functions described herein
may be implemented as specialized hardware or software
components executing in one or more computer systems.
There are many examples of computer systems that are
currently in use. These examples include, among others,
network appliances, personal computers, workstations,
mainframes, networked clients, servers, and the like. Other
examples of computer systems may include mobile com-
puting devices (e.g., smart phones, tablet computers, laptop
computers, and personal digital assistants). Examples of
particular models of mobile computing devices include
iPhones, iPads, and iPod touches running iOS operating
system available from Apple, Android devices like Samsung
Galaxy Series, LG Nexus, and Motorola Droid and X series,
Blackberry devices available from Blackberry Limited,
Windows phone devices, and the like. Further, aspects may
be located on a single computer system or may be distributed
among a plurality of computer systems connected to one or
more communications networks.

[0047] For example, various aspects, functions, and pro-
cesses may be distributed among one or more computer
systems configured to provide information to one or more
systems, or to provide a service to one or more client
computers, or to perform an overall task as part of a
distributed system. Additionally, aspects may be performed
on a client-server or multi-tier system that includes compo-
nents distributed among one or more server systems that
perform various functions. Consequently, embodiments are
not limited to executing on any particular system or group of
systems. Further, aspects, functions, and processes may be
implemented in software, hardware or firmware, or any
combination thereof. Thus, aspects, functions, and processes
may be implemented within methods, acts, systems, system
elements and components using a variety of hardware and
software configurations, and examples are not limited to any
particular centralized or distributed architecture, network, or
communication protocol.

[0048] Referring to FIG. 5, there is illustrated a block
diagram of a distributed computer system 500 including one
or more computers 510, in which various aspects and
functions may be practiced. Any of the processing per-
formed by any of the various components of the RDC 200
or the RDC 2004, and any of the steps of the method 400,
may be implemented by one of the computers 510 shown in
FIG. 5, for example, or by a similar computer or a distributed
computer system, such as distributed computer system 500
or similar.

[0049] As illustrated in FIG. 5, at least one computer 510
includes a processor 530, a memory 540, an interconnection
element 550, an interface 560 and data storage 570. To
implement at least some of the aspects, functions, and
processes disclosed herein, the processor 530 performs a
series of instructions that result in manipulated data. For
example, the processor 530 may execute instructions that
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cause any one or more of the steps of the method 400 of FIG.
4 to be performed, for instance, by direct manipulation of
information by the processor 530, or by controlling addi-
tional hardware, such as one or more of the ADC’s 224 or
226 of FIG. 3, for example. The processor 530 may be any
type of processor, multiprocessor, or controller. Example
processors may include a commercially available processor
such as an Intel Xeon, Itanium, Core, Celeron, or Pentium
processor; an AMD Opteron processor; an Apple A4 or AS
processor; a Sun UltraSPARC processor; an IBM Power5+
processor; an IBM mainframe chip; and the like; or a
quantum computer. The processor 530 is connected to other
system components, including one or more memory 540
devices, by the interconnection element 550.

[0050] The memory 540 stores programs (e.g., sequences
of instructions coded to be executable by the processor 530)
and data during operation of the computer 510. Thus, the
memory 540 may be a relatively high performance, volatile,
random access memory such as a dynamic random access
memory (“DRAM?”) or static memory (“SRAM”). However,
the memory 540 may include any device for storing data,
such as a disk drive or other nonvolatile storage device.
Various examples may organize the memory 540 into par-
ticularized and, in some cases, unique structures to perform
the functions disclosed herein. These data structures may be
sized and organized to store values for particular data and
types of data.

[0051] Components of the computer 510 are coupled by an
interconnection element 550. The interconnection element
550 may include any communication coupling between
system components such as one or more physical busses in
conformance with specialized or standard computing bus
technologies such as IDE, SCSI, PCI and InfiniBand. The
interconnection element 550 enables communications,
including instructions and data, to be exchanged between
system components of the computer 510.

[0052] The computer 510 also includes one or more inter-
faces 560 to accommodate devices such as input devices,
output devices and combination input/output devices. Inter-
face devices may receive input or provide output. More
particularly, input devices may accept information from
external sources and output devices may render information
for external presentation. For example, an input device may
receive an analog or digital signal input, such as inputs 202
and 204 of FIGS. 2 and 3, for example. Another example of
input devices may include the ADC’s 224 and 226 of FIG.
3. An output device may include, for example, the output
206 of FIGS. 2 and 3 that provides a value of the estimated
rotor angle ¢, or the outputs 206a and 230 of FIG. 3 that
provide smoothed and rate-of-change values of the esti-
mated rotor angle ¢, respectively. These values may be
output, for example, as a signal level or digital form for
communication to one or more other computing systems.
Additional examples of output devices may include moni-
tors or displays that may render the values to be read by a
user, or provide graphical displays to be used and/or inter-
preted by a user. Additional examples of interface devices
include keyboards, mouse devices, trackballs, microphones,
touch screens, printing devices, display screens, speakers,
network interface cards, etc. Interface 560 allows the com-
puter 510 to exchange information and to communicate with
external entities, such as the resolver 100, users, and other
systems.
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[0053] The data storage 570 includes a computer readable
and writeable nonvolatile, non-transitory, data storage
medium in which instructions are stored that define a
program or other object that may be executed by the
processor 530. The data storage 570 also may include
information that is recorded, on or in, the medium, and that
is processed by the processor 530 during execution of the
program. More specifically, the information may be stored in
one or more data structures specifically configured to con-
serve storage space or increase data exchange performance.
The instructions may be persistently stored as encoded
signals, and the instructions may cause the processor 530 to
perform any of the functions described herein. The medium
may, for example, be optical disk, magnetic disk or flash
memory, among others. In operation, the processor 530 or
some other controller may cause recorded instructions or
data to be read from the storage 570 into another memory
540, such as the memory 540, which allows for faster access
to the information by the processor 530 than does the storage
570. A variety of components may manage data movement
between the storage 570 and other memory 540 and
examples are not limited to particular data management
components. Further, examples are not limited to a particular
memory 540 system or data storage 570 system.

[0054] Although the computer 510 is shown by way of
example as one type of computer 510 upon which various
aspects and functions may be practiced, aspects and func-
tions are not limited to being implemented on any of the
computers 510 as shown in FIG. 5. Various aspects and
functions may be practiced on one or more computers
having different architectures or components than those
shown in FIG. 5. For instance, the computer 510 may
include function-specific hardware, such as ADC’s 224 and
226, for instance, and/or may include specially programmed,
special-purpose hardware, such as an application-specific
integrated circuit (“ASIC”) tailored to perform a particular
operation disclosed herein. For example, an ASIC may
provide the hardware of one or more of the components of
RDC’s 200 or 200a shown in FIGS. 2 and 3, and may
perform one or more of the steps of the method 400 of FIG.
4

[0055] The computer 510 may include an operating sys-
tem that manages at least a portion of the hardware elements
included in the computer 510. In some examples, a proces-
sor or controller, such as the processor 530, executes an
operating system. Examples of a particular operating system
that may be executed include a Windows-based operating
system, such as, Windows NT, Windows 2000 (Windows
ME), Windows XP, Windows Vista, Windows Phone, or
Windows 7 operating systems, available from the Microsoft
Corporation, Android operating system available from
Google, Blackberry operating system available from Black-
berry Limited, a MAC OS operating system or an iOS
operating system available from Apple, one of many Linux-
based operating system distributions, for example, the Enter-
prise Linux operating system available from Red Hat Inc., a
Solaris operating system available from Oracle Corporation,
or UNIX operating systems available from various sources.
Many other operating systems may be used, and examples
are not limited to any particular operating system.

[0056] The processor 530 and operating system together
define a computer platform for which application programs
in high-level programming languages are written. These
component applications may be executable, intermediate,
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bytecode or interpreted code which communicates over a
communication network 520, for example, the Internet,
using a communication protocol, for example, TCP/IP. Simi-
larly, aspects may be implemented using an object-oriented
programming language, such as .Net, Ruby, Objective-C,
SmallTalk, Java, C++, Ada, C# (C-Sharp), Python, or
JavaScript. Other object-oriented programming languages
may also be used. Alternatively, functional, scripting, or
logical programming languages may be used.

[0057] Also as shown in FIG. 5, in one example the
distributed computer system 500 includes multiple comput-
ers 510 that are interconnected by, and may exchange data
through, a communication network 520. The network 520
may include any communication network 520 through
which computers 510 may exchange data. To exchange data
using the network 520, the computers 510 and the network
520 may use various methods, protocols and standards,
including, among others, Fibre Channel, Token Ring, Eth-
ernet, Wireless Ethernet, Bluetooth, 1P, IPV6, TCP/IP, UDP,
DTN, HTTP, FTP, SNMP, SMS, MMS, SS7, JSON, SOAP,
CORBA, REST, and Web Services. To ensure data transfer
is secure, the computers 510 may transmit data via the
network 520 using a variety of security measures including,
for example, SSL or VPN technologies. While the distrib-
uted computer system 500 illustrates three networked com-
puters 510, the distributed computer system 500 is not so
limited and may include any number of computers 510 and
computing devices, which may be networked together using
any medium and communication protocol.

[0058] Additionally, various aspects and functions may be
implemented in a non-programmed environment. For
example, documents created in HTML, XML or other for-
mats, when viewed in an area of a browser program, can
render aspects of a graphical-user interface or perform other
functions. Further, various examples may be implemented as
programmed or non-programmed elements, or any combi-
nation thereof. For example, a web page may be imple-
mented using HTML while a data object called from within
the web page may be written in C++. Thus, the examples are
not limited to a specific programming language and any
suitable programming language could be used. Accordingly,
the functional components disclosed herein may include a
wide variety of elements (e.g., specialized hardware, execut-
able code, data structures or objects) that are configured to
perform the functions described herein.

[0059] In some examples, the components disclosed
herein may read parameters that affect the functions per-
formed by the components. These parameters may be physi-
cally stored in any form of suitable memory including
volatile memory (such as RAM) or nonvolatile memory
(such as a magnetic hard drive). In addition, the parameters
may be logically stored in a propriety data structure (such as
a database or file defined by a user mode application) or in
a commonly shared data structure (such as an application
registry that is defined by an operating system). In addition,
some examples provide for both system and user interfaces
that allow external entities to modify the parameters and
thereby configure the behavior of the components.

[0060] Having described above several aspects of at least
one example, it is to be appreciated various alterations,
modifications, and improvements will readily occur to those
skilled in the art. Such alterations, modifications, and
improvements are intended to be part of this disclosure and
are intended to be within the scope of the invention. Accord-
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ingly, the foregoing description and drawings are by way of
example only, and the scope of the invention should be
determined from proper construction of the appended
claims, and their equivalents.

What is claimed is:

1. A resolver converter comprising:

a first input to receive a first signal, the first signal
representing a sine component of a rotor angle;

a second input to receive a second signal, the second
signal representing a cosine component of the rotor
angle;

an output to provide an estimated rotor angle;

at least one multiplier configured to multiply the first
signal by the cosine of the estimated rotor angle to
produce a first multiplied signal and to multiply the
second signal by the sine of the estimated rotor angle to
produce a second multiplied signal;

a subtractor configured to calculate a difference between
the first and second multiplied signals, the difference
being an error measurement

atoggle element configured to selectively reverse the sign
of the error measurement by multiplying the error
measurement by one of positive unity and negative
unity; and

a combiner configured to update the estimated rotor angle
by combining the error measurement with the estimated
rotor angle.

2. The resolver converter of claim 1 further comprising at
least one analog to digital converter configured to convert
the first and second signals from an analog form to a digital
form.

3. The resolver converter of claim 1 further comprising at
least one lookup table configured to provide the cosine of the
estimated rotor angle and to provide the sine of the estimated
rotor angle.

4. The resolver converter of claim 1 wherein the toggle
element is configured to selectively reverse the sign of the
error measurement based at least in part upon detection of a
zero crossing in at least one of the first signal and the second
signal.

5. (canceled)

6. The resolver converter of claim 1 wherein the error
measurement is selectively multiplied by the one of positive
unity and negative unity based upon a current binary state of
the toggle element.

7. The resolver converter of claim 6 wherein the toggle
element toggles between two binary states, the toggle event
being triggered by detection of a zero crossing in at least one
of the first signal and the second signal.

8. A method of converting resolver signals to an estimated
rotor angle, the method comprising:

receiving a first signal from a resolver, the first signal
representing a sine component of a rotor angle;

receiving a second signal from the resolver, the second
signal representing a cosine component of the rotor
angle;

multiplying the first signal by a cosine of the estimated
rotor angle to provide a third signal;

multiplying the second signal by a sine of the estimated
rotor angle to provide a fourth signal;

calculating an error measurement as a difference between
the third and fourth signals;
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selectively reversing the sign of the error measurement
based at least in part upon detection of a zero crossing
in at least one of the first signal and the second signal;
and

modifying the estimated rotor angle by combining the

error measurement with the estimated rotor angle.
9. The method of claim 8 further comprising converting
the first and second signals from an analog form to a digital
form.
10. The method of claim 8 further comprising selecting
the cosine of the estimated rotor angle and the sine of the
estimated rotor angle from a lookup table.
11. (canceled)
12. The method of claim 8 wherein selectively reversing
the sign of the error measurement includes selectively
multiplying the error measurement by one of positive unity
and negative unity.
13. The method of claim 12 wherein the error measure-
ment is selectively multiplied by the one of positive unity
and negative unity based upon a current binary state of the
toggle element.
14. The method of claim 13 further comprising toggling
the toggle element between two binary states, the toggling
triggered by detection of the zero crossing in at least one of
the first signal and the second signal.
15. A non-transitory computer readable medium having
stored instructions that, when executed by a processor
coupled to a resolver, cause the processor to perform a
method comprising:
receiving a first signal from the resolver, the first signal
representing a sine component of a rotor angle;

receiving a second signal from the resolver, the second
signal representing a cosine component of the rotor
angle;

multiplying the first signal by a cosine of the estimated

rotor angle to provide a third signal;

multiplying the second signal by a sine of the estimated

rotor angle to provide a fourth signal;

calculating an error measurement as a difference between

the third and fourth signals;

detecting a zero crossing in at least one of the first signal

and the second signal;

selectively reversing the sign of the error measurement

based at least in part upon detection of the zero cross-
ing; and

modifying the estimated rotor angle by combining the

error measurement with the estimated rotor angle.

16. The medium of claim 15 further comprising instruc-
tions for converting the first and second signals from an
analog form to a digital form.

17. The medium of claim 15 further comprising instruc-
tions for selecting the cosine of the estimated rotor angle and
the sine of the estimated rotor angle from a lookup table.

18. (canceled)

19. The medium of claim 15 wherein selectively reversing
the sign of the error measurement includes multiplying the
error measurement by one of positive unity and negative
unity.

20. The medium of claim 19 wherein the error measure-
ment is selectively multiplied by the one of positive unity
and negative unity based upon the current binary state of the
toggle element.

21. The medium of claim 20 further comprising instruc-
tions for toggling the toggle element between two binary



US 2018/0205391 Al

states, the toggling triggered by the detection of the zero
crossing in at least one of the first signal and the second
signal.

22. A resolver converter comprising:

a first input to receive a first signal, the first signal
representing a sine component of a rotor angle;

a second input to receive a second signal, the second
signal representing a cosine component of the rotor
angle;

an output to provide an estimated rotor angle;

at least one multiplier configured to multiply the first
signal by the cosine of the estimated rotor angle to
produce a first multiplied signal and to multiply the
second signal by the sine of the estimated rotor angle to
produce a second multiplied signal;

a subtractor configured to calculate a difference between
the first and second multiplied signals, the difference
being an error measurement
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a toggle element configured to selectively reverse the sign
of the error measurement, the toggle element config-
ured to toggle between two binary states, the toggle
event being triggered by detection of a zero crossing in
at least one of the first signal and the second signal; and

a combiner configured to update the estimated rotor angle
by combining the error measurement with the estimated
rotor angle.

23. The resolver converter of claim 22 further comprising
at least one analog to digital converter configured to convert
the first and second signals from an analog form to a digital
form.

24. The resolver converter of claim 22 further comprising
at least one lookup table configured to provide the cosine of
the estimated rotor angle and to provide the sine of the
estimated rotor angle
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