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Using Multiple Saliencies for the Estimation of
Flux, Position, and Velocity in AC Machines

Michael W. Degner and Robert D. Lorenz, Fellow, IEEE

Abstract— This paper presents an improved method of esti-
mating flux angle, rotor position, and velocity by tracking the
position of spatial saliencies in an ac machine. Specifically, a
machine model is presented which accurately models the behavior
of ac machines with multiple spatial harmonic saliencies. The
effects of multiple spatial harmonic saliencies on the estimation
of flux angle, position, and velocity is analyzed, and methods are
presented utilizing multiple spatial harmonic saliencies to provide
wide bandwidth, high accuracy estimates of flux angle, rotor
position, and velocity.

Index Terms— Flux estimation, position estimation, saliency,
self sensing, sensorless control.

I. INTRODUCTION

N RECENT years, “sensorless” or “self-sensing” control of

ac machines has been extensively researched. The cost and
reliability advantages of eliminating cabling and mechanical
sensors for the measurement of position, velocity, and flux
have been the driving force behind this research activity.

The techniques used for the estimation of flux, position,
and velocity in ac machines can be divided into two groups:
1) tracking speed-dependent phenomenon (back EMF) [1]-[4]
and 2) tracking spatial saliencies [5]-[22]. Because the back
EMF is a speed-dependent phenomenon, the methods that rely
upon it to estimate flux or rotor velocity ultimately fail at
low and zero excitation frequency, due to a lack of signal.
In addition, because these methods estimate flux or rotor
velocity from the voltage and current, they are very sensitive to
variations of the machine parameters, especially to the rotor
and stator resistances, which vary with temperature. While
these approaches tend to work acceptably for medium- to
high-speed field orientation and adjustable-speed control, it is
the low-speed/low-frequency domain which must be addressed
with spatial tracking methods.

The spatial saliency tracking methods can be further sub-
divided into two groups, depending on whether they use the
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fundamental excitation of the machine [5]-[8] or a separate
excitation from the fundamental excitation [9]-[22]. Because
these methods are tracking a spatial saliency, they are either
less sensitive or completely insensitive to parameter variations.
The methods that rely upon the fundamental excitation of the
machine fail at low and zero speed, due to a lack of signal.
The methods that rely upon a separate excitation signal, on
the other hand, have no problem with zero- and low-speed
operation, because they are not dependent upon the level or
frequency of the fundamental excitation. However, the method
of separate excitation affects the estimation bandwidth and
accuracy that can be achieved.

Some techniques that function at zero speed apply discrete
test voltages to the machine, stopping the fundamental excita-
tion during the test cycles [9]-[13]. Due to its discrete nature,
an estimation filter/observer is used to provide estimates
between test cycles. The limited test cycle time and the
filtering effectively trade off noise rejection for estimation
bandwidth. An alternative to applying test cycles is to use
the inverter bridge to superimpose a continuous polyphase
carrier signal (either voltage or current) on the fundamental
excitation [14]-[22]. A tracking observer can then be used
to continuously track the position of the saliency in the
machine, providing a continuous high-bandwidth estimate.
This technique utilizes optimal noise rejection techniques
taken from image tracking (heterodyning of magnetic, two-
dimensional (2-D) spatial images) to obtain high-bandwidth,
robust flux or rotor position estimates.

A significant limitation to the published methods for zero-
speed sensing [9]-[22] is that they have assumed a single
sinusoidally distributed spatial saliency is present in the ma-
chine. Having more than a single spatial saliency does not
prevent any of the methods from working, but it does affect
their stability, bandwidth limits, and, most importantly, their
estimation accuracy [21]. This paper systematically looks
at the effects that multiple spatial saliencies, or harmonics
saliencies, have on the estimation of rotor position and flux
angle. It presents a model for ac machines with multiple spatial
saliencies. Several methods are presented for incorporating this
saliency model into the rotor position and flux angle estimate
to significantly improve the overall stability, bandwidth, and
accuracy of the estimate.

II. FLUX AND ROTOR POSITION ESTIMATION FOR A SINGLE
SALIENCY VIA CARRIER SIGNAL INJECTION

The injection of a carrier signal, in addition to the funda-
mental excitation, provides a persistent excitation that allows
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Fig. 1. Injection of carrier signal excitation using a PWM-VSIL.

for the continuous estimation of rotor position or flux angle
[14]-[22]. One of the simplest forms of carrier signal injection
is the injection of a balanced three-phase voltage [14]-[17],
[19], [21], [22]. This type of carrier signal injection will
produce a carrier signal voltage vector vz, . that rotates at
the carrier signal frequency w.:

o _ Vs e _v cos(w,t) _ gt :
qus_c |:Us :| se |:_ Sill(wct) scC . ( )

ds_c

This carrier signal excitation can be injected on top of the
fundamental excitation using a pulsewidth modulated voltage-
source inverter (PWM-VSI), as shown in Fig. 1.

If the frequency of the carrier signal excitation w, is faster
than the stator transient time constant 7,5, modeling the
machine using only the stator transient inductance L, is a
good approximation:

L(TS

7,/

Tos =

2

s K 48
qus_c = JwCLUSquS_c (3)

L2 L\’
Lys = <LS — L’;’), =715+ <Lr> Ty

The stator transient inductance of a machine with a single
sinusoidally distributed saliency that has a period equal to the
pole pitch can be represented by the following matrix in a
reference frame synchronous with the saliency:

where

LS 0
e ags
Transforming (4) to the stationary reference frame forms
Ly, =
> Lys + AL, cos(26,) —AL,sin(26,)
—AL,,sin(26,) > Lys — AL, cos(26,)
&)
where
S Les = % (Lf;qs +Lg ds)—average stator transient induc-
tance;
ALss = %(Lf,'qs - ;ds)—differential stator transient
inductance;

0. position of the saliency in electrical degrees.
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Fig. 2. Synchronous reference frame high-pass filter used to filter off the
positive-sequence component of the carrier signal current.

The interaction between the carrier signal voltage vector and
the saliency will produce a carrier signal current that contains
information relating to the position of the saliency as shown in

ifIdS c = |:I[.:ZS_C:| = Ic_p |:Sln(UJCt):| - Ic_n |:Sln(29€ - wct):|
) ZZS_C COS(wct) COS(29€, — wct)
— _jIc_pejwpt + jIc_nej(QOF —wet) (6)
where
E LO'S ‘/sc
Lep= |57z —ALZ
Z Lo’s - ALcrs We
and
;o Bles [V
o EL?T? - AL(QTG We '

The carrier signal current consists of both positive- and
negative-sequence components relative to the carrier signal
voltage excitation. The positive-sequence component contains
no spatial information and is proportional to the average
stator transient inductance. The negative-sequence component
contains spatial information in its phase and is proportional to
the differential stator transient inductance.

Before extracting the spatial information contained in the
phase of the negative-sequence carrier signal current, it is de-
sirable to filter off the positive-sequence carrier signal current.
Since the positive- and negative-sequence components of the
carrier signal current rotate in opposite directions, it is possible
to filter off the positive-sequence component by using a high-
pass filter implemented in a reference frame synchronous with
the positive-sequence carrier signal current [22]. Fig. 2 shows
a block diagram representing this synchronous reference frame
high-pass filter. An equivalent form can also be implemented
in the stationary reference frame.

Synchronous reference frame filters (or their stationary
reference frame equivalents) can also be used to improve the
filtering of the fundamental component of the overall stator
current over the filtering that can be achieved with a stationary
reference frame high-pass or bandpass filter.

After filtering off the fundamental and positive-sequence
carrier signal components of the stator current, the spatial
information contained in the phase of the negative-sequence
carrier signal current can be extracted using a tracking ob-
server. Fig. 3 shows the block diagram of the tracking observer
used to track rotor position when there is a rotor-position-
dependent saliency present in the machine (6. = 6,.).

The error signal which drives the tracking observer is
formed by taking the vector cross-product between the es-
timated unit vector of the negative-sequence carrier signal
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Fig. 3. Tracking observer used to estimate rotor position in a machine with
a single rotor-position-dependent saliency.

current vector and the measured negative-sequence carrier
signal current vector:

s s _ )
€ = lggs_en X lgds_en = len sin(2(6,. —

6,)). (O

Because the desired spatial information is present only in
the phase of the negative-sequence carrier signal current, the
saliency model has to only produce a unit vector estimate
of the negative-sequence carrier signal current vector. The
magnitudes of the measured and estimated negative-sequence
carrier signal current vectors merely scale the phase (tracking)
error obtained from the cross-product. Because the estimated
negative-sequence carrier signal current vector can be a unit
vector, it is independent of any machine parameters.

III. MULTIPLE SALIENCIES MACHINE MODEL

The technique shown in Section II assumed that there was
a single, sinusoidally distributed saliency, with a period equal
to a pole pitch, present in a machine. Although it is possible
for a machine to have such a saliency, it is unlikely that this
will be the only saliency present in a machine. The discrete
nature of the machine windings, nonlinear magnetics, and
manufacturing variations will always produce secondary and
parasitic saliencies in a machine. Examples of some of these
saliencies include stator/rotor slotting, rotor eccentricity, and
saturation. Besides being additional saliencies, they also do
not necessarily have a period equal to the pole pitch of the
machine.

A machine with more than a single sinusoidally distributed
saliency, or a nonsinusoidal saliency, can be represented by a
Fourier series summation of sinusoidally distributed saliencies.
When the machine is excited by a balanced, three-phase,
carrier signal voltage excitation, current will be induced, which
can be modeled by

o = —iLepe?*e! 45 3 Longe! 00D (8)
%

where

I.,; magnitude of the ¢th component of the negative
sequence current;
h;  harmonic number of the saliency causing the ith

component (can be positive, negative, or zero);
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6.;  angular position of the saliency causing the ith com-
ponent;
¢;  phase shift of the ¢th component relative to the 6.;
reference system.
The magnitude of the individual components of the current
can be approximated by

ZLO'S ‘/sc

Iep= ©)
EL(QN - Ej ALerj We
ALcrsi ‘/sc

ELer - E] ALgsj We

where L,; is the differential stator transient inductance asso-
ciated with the ith saliency.

As was the case for a single saliency, the resulting carrier
signal current consists of both positive- and negative-sequence
components. The positive-sequence component contains no
spatial information and is proportional to the average sta-
tor transient inductance. The negative-sequence components
contain the spatial information, with one component caused
by each of the saliencies. The magnitudes of the individual
negative-sequence components are proportional to the differ-
ential stator transient inductance caused by that saliency. It
should be noted that the model as presented in (8) does not
make a distinction between stationary saliencies (h; = 0),
rotor position dependent saliencies (8.; = 6,), and flux
position dependent saliencies (8; = 6,7, 8o = 0,5, etc.).

As for the case of a single sinusoidally distributed saliency,
the positive-sequence component of the carrier signal current
can be filtered off using a synchronous reference frame filter.
The interaction of the various saliencies can be seen by
transforming the filtered output, i.e., the negative-sequence
component of the carrier signal current, to the negative-
sequence carrier signal synchronous reference frame. Plotting
the negative-sequence carrier signal current in polar form
results in a pattern that is a “magnetic fingerprint” for that
particular machine. From this plot, it is possible to determine
the number and type of saliencies present in the machine.
Fig. 4 gives some examples of the patterns possible when
a machine has two rotating saliencies.

Fig. 4 shows only saliencies that rotate as the rotor or flux
in a machine rotate. In addition to a rotating saliency, it is
also possible to have a stationary saliency. The effect of a
stationary saliency is to shift the shape traced out by the
negative-sequence carrier signal current away from the origin,
as shown in Fig. 5 for two of the cases originally show in
Fig. 4. Although the effect of a stationary saliency may be
caused by a true stationary saliency, such as stator winding
asymmetry, it can also be caused by unbalanced excitation
and scaling differences in the current sensors.

IV. EFFECTS OF MULTIPLE SALIENCIES ON FLUX
ANGLE AND ROTOR POSITION ESTIMATION

Estimation errors (reduced accuracy) will result if the tech-
nique presented in Section II is used for the estimation of
flux angle or rotor position on a machine with multiple
saliencies. In general, the components that make up the overall
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Fig. 5. Negative-sequence, carrier signal synchronous reference

frame polar plot (for a full rotor rotation) of the negative-sequence
components of the carrier signal current with a stationary saliency.
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negative-sequence carrier signal current vector are all in a very
narrow frequency range with respect to the observer band-
width. Because of this, the tracking observer based on a single
component will follow the overall negative-sequence carrier
signal current vector instead of the modeled component of
the negative sequence carrier signal current. This is especially
true at low and zero speed, where the components all rotate at
approximately the carrier frequency. Fig. 6 shows the rotation
of the overall negative-sequence carrier signal current vector
in a reference frame synchronous with the component of the
negative-sequence carrier signal current that is modeled in the
single saliency tracking observer.

The difference in the phase of the overall negative-sequence
carrier signal current vector and the modeled component
of the negative-sequence carrier signal current will cause
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Fig. 6. Rotation of the overall negative-sequence carrier signal current
vector in a reference frame synchronous with the modeled component of
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360 360

~
=
=3
8
2
=3

©
=1

(elec. degrees)
Estimated Position
(elec. degrees)

© =

Estimated Position

0 9 180 270 360 0 90 180 270 360
Actual Position Actual Position
(elec. degrees) (elec. degrees)

(@ (b)

Fig. 7. Rotor position estimation in a machine with two rotor position
dependent saliencies and a tracking observer which only models the primary
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cyclical errors in rotor or flux position estimates. Fig. 7 shows
the theoretical and experimentally measured rotor position
estimates as functions of the actual rotor position for a machine
with two rotor-position-dependent saliencies when using a
tracking observer that only models the primary saliency.
Fig. 7 shows that, when multiple saliencies are present, the
relationship between the estimated and actual rotor position is
no longer the desired, linear, relationship.

The machine used for the estimation in Fig. 7(b) contained
a primary saliency h; that was created by deliberately mod-
ulating the width of the rotor slot openings. This produced a
rotor leakage inductance variation with a period equal to the
pole pitch of the machine. The secondary saliency hs was due
to the rotor slotting (28 rotor slots). The parameters for the
test machine are in Section VI

A second effect of multiple saliencies, in addition to the
estimation error, is to make the dynamics of the tracking
observer to be rotor- or flux-position variant. The cause of this
variation can be seen in Fig. 6, where the magnitude of the
overall negative-sequence carrier signal current vector varies
as the saliencies rotate. Since the single saliency tracking
observer uses an error signal that is proportional to the
magnitude of the signal being tracked, the effective gain of
the tracking observer will vary as the saliencies rotate.
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Fig. 8. Tracking observer used to estimate rotor position in a machine with
a single rotor-position-dependent saliency and a stationary saliency.

From the plots of estimated rotor position in Fig. 7, it may
appear that a simple correction function or lookup table can
be used to correct for the errors caused in the flux or position
estimation due to multiple saliencies. This can only be done
when a unique (single-valued) relationship exists between the
estimated and actual positions. When this relationship does
not exist (it is not single valued) the estimation error can
not be corrected with a lookup table or correction function.
Fortunately, the secondary or parasitic saliencies in a machine
are often small, allowing the use of a correction function or
lookup table to correct for the error.

V. IMPROVED FLUX AND ROTOR POSITION ESTIMATION
INCORPORATING MULTIPLE SALIENCIES MODEL

By including the knowledge of multiple saliencies in the
tracking observer, it is possible to improve the estimation
accuracy, even for the case where a correction function or
a lookup table is not able to completely improve the estimate.
There are several ways that the tracking observer can be
modified to improve its estimation accuracy. The following
section looks at several of these alternatives.

A. Stationary Saliency Decoupling

Before looking at the case of multiple rotating saliencies,
it is instructive to look at the case where a machine has a
single sinusoidally distributed rotating saliency and a station-
ary saliency. Recalling from Fig. 5, the effect of a stationary
saliency was to shift the trajectory of the negative-sequence
carrier signal current away from the origin in the negative-
sequence carrier signal synchronous reference frame. Since the
saliency is stationary and its phase and magnitude do not vary
with rotor or flux position, the effects of a stationary saliency
are easily eliminated by decoupling the component of the
negative-sequence carrier signal current vector caused by the
stationary saliency. The block diagram of the tracking observer
that decouples a stationary saliency is shown in Fig. 8.

Exact decoupling of the stationary saliency is not necessary
to dramatically improve the flux or rotor position estimation
accuracy and stability. Decoupling does require reasonable
knowledge (practical engineering accuracy) of the stationary
saliency magnitude and phase. This increases the complexity

i}is cn .
- .| Jon |3 3

(hx6r + ¢;
J
Xt X)

Tracked Saliency
Model (unit vector)

fcny Jhyer+ oy)

Decoupled
Saliency Model

Fig. 9. Decoupling tracking observer used to estimate rotor position in a
machine with two rotor-position-dependent saliencies.

and parameter sensitivity of flux or rotor position estimation.
Fortunately, stationary saliencies do not typically vary with the
machine operating point. The most common sources are not
true stationary saliencies, like stator winding asymmetry, but
unbalanced excitation, and offsets in the current measurement
sensors and A/D converters.

B. Rotating Saliency Decoupling

The decoupling of the stationary saliency can be extended
to the case of a machine with two rotating saliencies, as shown
in Fig. 9. Stationary saliency decoupling has been omitted for
clarity.

Fig. 9 deliberately does not make a distinction between
which of the two saliencies is decoupled and which is tracked.
The saliency to decouple can be determined by developing
the operating point model for the generic case of decoupling
and then choosing the saliency to decouple that guarantees
the local stability of the observer. For the tracking observer
to be locally stable, the partial derivative of the error term
with respect to the estimated rotor position must always be
negative (i.e., negative feedback).

Although only shown for the case of two rotating saliencies,
the decoupling technique can be extended to cases with
additional rotating saliencies. For each additional saliency,
another term would have to be decoupled, leaving only a single
component of the negative-sequence carrier signal current to
be tracked.

An additional benefit of decoupling is the reduction in the
operating-point dependency of the tracking observer dynamics.
The vector cross-product is now taken between two constant
magnitude vectors, resulting in a constant effective gain. Of
course, if the decoupling is inexact, some operating-point
dependency will remain, but it will be significantly reduced
in magnitude when compared with no decoupling.

C. Multiple Saliency Vector Cross-Product

Another way of incorporating the knowledge of multi-
ple saliencies in the tracking observer is to improve the
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saliency model, so that it includes all of the significant
saliencies present in the machine. The vector cross-product
will then be taken between the actual and estimated over-
all negative-sequence carrier signal current vectors. Fig. 10
shows a tracking observer that models the overall negative-
sequence carrier signal current vector for the estimation of
rotor position in a machine with two rotor-position-dependent
saliencies.

Because the saliency model must model the phase of the
overall negative-sequence carrier signal current vector cor-
rectly, and not its magnitude, the saliency model shown in
Fig. 10 is normalized to reduce the number of parameters
estimates that are required. The local stability of the tracking
observer shown in Fig. 10 can be determined by calculating
its operating-point model. This analysis can be used to show
that, when the tracking observer in Fig. 10 is locally stable,
a correction function or lookup table could also be used to
correct for the estimation error caused by the second saliency.
Since a lookup table or correction function would, in general,
be easier to implement, the tracking observer shown in Fig.
10 is not a very practical solution to the problem.

By adding an offset vector to the overall negative-sequence
carrier signal current vector, the observer shown in Fig. 10
can be stabilized over a wider range of saliency ratios. This
modified form of the multiple saliency tracking observer is
shown in Fig. 11. Operating-point model analysis can be used
to determine the necessary magnitude of offset vector to add
to stabilize the multiple saliency tracking observer.

Unlike the decoupling form of tracking observer, the
dynamics of the multiple saliency tracking observer are
operating-point variant. The operating point dependency is
caused by the magnitude variation of the overall negative-
sequence carrier signal current vector. The decoupling form
of tracking observer prevents the magnitude variation by
decoupling all of the components, except for one. The
multiple saliency form of tracking observer, on the other
hand, does nothing to counteract the magnitude variations,
and its operating point eigenvalues will migrate as a
result. Without further modifications, the multiple saliency
tracking observer will have inferior dynamics characteristics
when compared with the decoupling form of tracking
observer.
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TABLE 1
MOTOR PARAMETERS
Parameter Value
s 0.0135 ©
r 0.0140 2
Lys 0.065 mH
L, 0.078 mH
L 0.530 mH
rated speed 450 r/min
rated torque 4.82 N-m
rated current 120 A
poles 4
stator slots 24
rotor slots 28
dc-bus voltage 12 V (automotive)

VI. EXPERIMENTAL RESULTS

The decoupling form of tracking observer was implemented
on an induction machine with the parameters shown in Table
I, using a Motorola 56000 digital signal processor (DSP).

The machine used for the testing had two rotor-position-
dependent saliencies present. The first saliency had a period
equal to the pole pitch of the machine (h; = 2) and was
created by modifying the rotor slot openings in a sinu-
soidal pattern with a maximum slot width to minimum slot
width ratio of 5. The second saliency had a period equal
to the rotor slot pitch and was caused by the rotor slotting
(ha = 14).

A 250-Hz carrier signal rotating voltage vector was injected
into the machine. The peak amplitude of the injected carrier
signal voltage vector was 15% of the dc-bus voltage and
resulted in a carrier signal current with a peak amplitude of
8.6 A (7.2% of rated). The negative-sequence carrier signal
current could be modeled using three saliencies, one stationary
and two rotating. The stationary saliency had a component of
the negative-sequence carrier signal current with a magnitude
of 0.454 A. The likely causes of this stationary saliency
were scaling differences in the current measurement sensors,
unbalanced excitation, and stator winding asymmetries. The
two rotating saliencies resulted in components of the negative-
sequence carrier signal current that had amplitudes of 0.375
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Fig. 13. Rotor position estimation in a machine with two saliencies using a
decoupling tracking observer which models both saliencies.

and 0.117 A, respectively. This corresponds to the first saliency
having a magnitude equal to 4.4% of the average stator tran-
sient inductance and the second saliency having a magnitude
equal to 1.4% of the average stator transient inductance. Note
that the relatively small magnitude of the saliencies present
in the machine determined the magnitude of the injected
carrier signal voltage. If a larger saliency would have been
present, a smaller magnitude carrier signal could have been
injected.

Fig. 12 shows the effects of decoupling on the negative-
sequence component of the carrier signal current in a negative-
sequence carrier signal synchronous reference frame. Fig.
12(a) shows the overall negative-sequence carrier signal cur-
rent before any decoupling has been performed. Fig. 12(b)
shows the results of decoupling the stationary saliency. Fig.
12(c) shows the results of decoupling the first saliency h;.
The first, or larger, saliency was decoupled in order to ensure
local stability.

With the tracking observer properly tuned, comparison of
the estimated and measured rotor position was performed
without any fundamental excitation present in the machine.
Fig. 13 shows the estimated rotor position as a function of
the actual rotor position. Comparison of Fig. 13 with Fig.
7(b) shows the improvement obtained in the rotor position
estimate by properly incorporating the knowledge of the major
saliencies present in the machine.

Fig. 14 shows a comparison of the estimated and measured
rotor position for variations in the rotor speed. For both tests in
Fig. 14, the machine started out at zero speed accelerated to
a constant negative speed, then to a constant positive speed
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Fig. 14. Comparison of estimated and measured rotor position. (a) Overlay
of estimated and measured rotor position, from 0 to —50 to 50 to O r/min. (b)
Estimation error, from 0 to —50 to 50 to 0 r/min. (c) Overlay of estimated
and measured rotor position, from 0 to —5 to 5 to 0 r/min. (d) Estimation
error, from 0 to —5 to 5 to O r/min.
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Fig. 15. Comparison of estimated and measured rotor position for
field-oriented test machine producing constant torque equal to 5% of rated.
(a) Overlay of estimated and measured rotor position, from 0 to —5 to 0
r/min. (b) Estimation error, from 0 to —5 to O r/min.

and back to zero speed. From Fig. 14, it is apparent that
the rotor position estimate tracks the measured rotor position
accurately through speed transients and at zero speed. The
8-b oscilloscope used to capture the data shown in Fig. 14
caused the quantization in the estimated position error plots.
Experimental results for higher speeds were not included, since
the position estimate does not degrade as the speed increases,
and the low speed operation was felt to be most critical and
representative of its characteristics.

Fig. 15 shows the estimated and measured rotor position for
the machine under indirect field orientation using the estimated
rotor position. The test motor produced a constant torque equal
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to 5% of rated while the dynamometer, which was under speed
control, stepped from ) 0 to —5 r/min and back to 0 r/min.
Again, it is apparent that the estimated rotor position tracks
the actual rotor position accurately.

VII. CONCLUSION

The injection of a carrier signal, in addition to the funda-
mental excitation, into a machine with known (deterministic)
saliencies enables the wide bandwidth estimation of flux angle,
rotor position, and velocity.

The use of saliency-based tracking techniques permit high-
resolution estimation with minimal parameter influence, even
in the presence of extreme signal noise.

The persistent excitation provided by the carrier signal
excitation allows for continuous estimation, even at sustained
low speeds, including zero speed.

The estimation accuracy and robustness of saliency-based
techniques are limited by the saliency model used in the
estimator. Estimation errors incurred by assuming a single
saliency model when multiple saliencies exist have been the-
oretically and practically demonstrated. In general, estimator
accuracy can be significantly improved by properly modeling
and incorporating all of the significant saliencies present in
the machine.

A basis for modeling machines with multiple saliencies has
been presented and verified via experimental work.

Alternative means of tracking the resulting composite vector
trajectories have been developed and validated on practical
machines.

Although most of the examples given in this paper have
been for rotor position (and velocity) estimation, the tech-
niques used are directly applicable to the estimation of flux
angle in machines with saturation-induced saliencies.
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