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Measuring, Modeling, and Decoupling of
Saturation-Induced Saliencies in Carrier-Signal
Injection-Based Sensorless AC Drives

Fernando Briz, Michael W. Degnevember, IEEEAlberto Diez, and Robert D. LorenEellow, IEEE

Abstract—The focus of this paper is the measuring, modeling, inductance variations are often created by the saturation of the
and decoupling of saturation-induced saliencies in carrier-signal f|yx paths due to the fundamental excitation. Such secondary
injection-based sensorless control. First, techniques for the gjiencies have been shown to cause estimation errors that can

measurement of saturation-induced saliencies are presented. The _. ificant] d th I trol ¢ f
goal of these measurements is to provide useful information on signimcantly reduce the overall control system performance

the position and magnitude of the various saturation-induced [1]-[4], [9]-[11].

saliencies. Using the results from several different experimental — This type of secondary effect can be reduced (but not elimi-
measurements, models are developed explaining the source anchated) by having a suitable minimal air gap above each of the
behavior of the saturation-induced saliencies. The paper concludes i 415 which reduces the likelihood of saturation occurring
by presenting methods for decoupling the effects caused by the . . .

parasitic saturation-induced saliencies, eliminating the errors that in the ro.tor slot open!ngs'but not in any of the other flux paths.
they cause in rotor position or flux angle estimation. Alternatively, the estimation errors due to such secondary ef-
fects can be minimized by increasing the magnitude of the de-
terministic saliencies, thereby diminishing the relative contribu-
tion of the saturation-induced saliencies. However, significant
practical limitations exist for the magnitude of the determin-
. INTRODUCTION istic rotor position dependent saliency that can be created be-

HE use of a high-frequency carrier signal superimposé@lre it compromises the fundamental operation of the machine,
T on the fundamental excitation of an electric machine h&9-, decreased torque capability, increased ripple torque, etc.
established itself in recent years as a viable means of eliminatl8g [10].
position sensors in ac drives for applications needing true zero-This paper proposes a solution to this problem based on
speed zero-frequency torque (and often also motion) contréle Mmeasurement, modeling, and decoupling of the secondary
The carrier signal interacts with spatial variations in the machigaturation-induced saliency effects. The paper is organized as
inductances or resistances (saliencies) producing a signal fiolipws.
can be used for the estimation of rotor position or flux angle ¢ First, techniques for the measurement of saturation-in-
[1]-[14]. duced saliencies are presented. The goal of these measure-
Deterministically opening the slots above the rotor bars ments is to provide information on the position and mag-
of an induction machine in a spatial harmonic pattern is one nitude of the various saturation-induced saliencies for a
means to create a rotor position dependent variation in the rotor wide range of operating conditions. Of particular interest
leakage inductance. This variation can be tracked by injecting a are the parasitic saliencies that can cause errors in the rotor
high-frequency carrier-signal excitation (voltage or current [7])  position or flux angle estimate.
and a properly formed observer. In addition to this deterministic « Next, models that capture the behavior of saturation-in-
spatial variation of the rotor leakage inductance, other spatial duced saliencies are presented. For a motor with open
rotor slots it will be shown that the saturation-induced
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TABLE |
INDUCTION MOTORS PARAMETERS

Tvector "if

i Ccross i

saliency model

Eproduct §
igds_cn' i MOTOR 1% MOTOR 2
Stator Slots 24 24
Rotor Slots 30 30
R, 8.4 -
’ Lgs 31 mH -
! j(hsr—mct) < ! Power Rating 0.75 kW 1.5 kW
v e N Poles 4 2
i z

+ Skewed, closed rotor slots (prior to modification)

Fig. 1. Tracking observer for estimating rotor position in a machine with a
single-rotor position-dependent saliency, implemented in a stationary refereng
frame.

having only a single sinusoidal spatial saliency present in th
machine will be described. This saliency can be a result of ei
ther a deterministic, rotor position spatial modulation [1], [3],!
[4], [6]-[12] or saturation due to the rotor, stator, or air—gapI
flux [2], [5], [9], [10], [14]. Injection of a balanced polyphase
carrier-signal voltage vector results in a carrier-signal curre
vector that can be used to estimate the position of the saliend
using a vector cross product and a tracking observer, as sho
in Fig. 1 [1], [2], [9].

When selecting the carrier-signal frequency, a low frequency i _ _
is generally preferred because the sensing signal-to-noise r&lfp? Rt of a0.75-kWinduction machine used for the test.
is improved. However, the lower limit is dictated primarily by
the need for sufficient spectral separation from the fundamentaMvhen carrier-signal excitation is used for sensorless control,
frequency so that adequate estimation bandwidth is achievalste overall stator current consists of the fundamental current
The carrier frequency is typically chosen to be in the range froamd the positive- and negative-sequence carrier-signal currents.
a couple of hundred hertz to a kilohertz. For these carrier frghe separation of these components is necessary for both the
quencies, the equivalent induction machine steady-state cirduitdamental current regulator operation and the extraction
is dominated by the stator transient impedance [1], [2], [9]. of the spatial information from the negative-sequence carrier

When the machine contains a saliency, the carrier sigrgiginal. Though different filter designs are possible, the use of
current resulting from the injected voltage (1) contains bo#tynchronous frame bandstop filters has been shown to provide
positive- and negative-sequence components (2). The peseellent results [6], [10], [12].
itive-sequence carrier-signal current is proportional to the
average stator transient inductance and contains no spaﬁiﬁl
information. The negative-sequence carrier-signal current is
proportional to the differential stator transient inductance and
contains spatial saliency position information in its phase [1], To analyze the influence of saturation-induced saliencies on

| NFLUENCE OF SATURATION-INDUCED SALIENCIES ON THE
ESTIMATED POSITION

[2], [9] the estimated rotor position, experimental tests were conducted
on a 0.75-kW induction machine with closed rotor slots and
Vs =V plwet Q) the parameters shown in Table I, motor 1 (prior to its modifica-

. : tion). A quasi-sinusoidal rotor-dependent saliency with period
B0s 0 = 10dscp T gasen = = ep@ " + jIne? 7Y aqualto the pole pitch was introduced by opening the rotor slots,
(2) Fig. 2. Fig. 3(a) shows a schematic representation of the modifi-
cation, while Fig. 3(b) shows the corresponding slots openings.
whered, is the angular position of the saliency in electrical switching frequency in the inverter of 15 kHz, which is equal
radians} is the harmonic number of the salieney,is the car- to the sampling frequency of the controller, was used. The algo-
rier frequency in radians per secord,,., L.q. are theg- and rithms were implemented on a TMS320C30 digital signal pro-
d-axes stator transient inductances in the saliency synchroneassor (DSP) running at 25 MHz. A carrier-signal magnitude of
reference frame&,L,, = (L,4s+ Lo4s)/2 is the average stator V, = 15 V and frequency ofs. = 537 Hz were used.
transient inductanceML,; = (L,,s — Lsds)/2 is the differ-  Fig. 4 shows the fast Fourier transform (FFT) of the stator
ential stator transient inductande, = (V./w.)(XL,s/ZL,.= current complex vector when the motor is excited by a car-
—AL,.2) is the magnitude of the positive sequence carrieier voltage with the rotor locked and no fundamental excitation
signal current, and.,, = (V./w:.)(AL,s/¥L,.2 —AL,,2)is [15]. The spectrum is seen to consist of the positive- and neg-
the magnitude of the negative sequence carrier signal currerdtive-sequence carrier-signal current components, with magni-
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Fig. 6. Estimated rotor position and estimated rotor position error,wjite:

(a) 1 Hz (30 /min) and no fundamental current.
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Fig. 3. Modification introduced in the rotor. (a) Schematic representation ove (A frequency (Hz)

a two-pole-pitch angle. (b) Openings introduced in the rotor slots. Slot openings g

of 0.25, 0.5, 0.8, 1.0, 1.6, and 2.0 mm, all openings have a constant depth of ) ) L
approximately 0.5 mm. Fig. 7. Trajectory and FFT of the negative-sequence carrier-signal current

complex vector in the negative-sequence reference carrier-signal frame at
constant rotor speed, with. = —1 Hz,w, = 1 Hz (30 r/min), and rated
fundamental current.
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Fig. 4. FFT of the stator current complex vector in the stationary referenc s z
frame, withw,. = 0 Hz and no fundamental curreft, = 15V, w. = 537 Hz. E é
s . . time (s)
oot} - < . . CM .
< ol . § R U Fig. 8. Estimated rotor position and estimated rotor position error,aith=
.3 = . J ‘ . , —1 Hz,w, = 1 Hz (30 r/min), and rated fundamental current.
2= .0.01 ah ' ’ ' . .
S SN P B R
001 0 001 ‘10 -5 0 5 10 with the rotor. This component corresponds to a stationary

A frequency (Hz) saliency, since it is fixed relative to the stator. Different gains
in the current sensors and/or asymmetries in the machine are

Fig. 5. Trajectory and FFT of the negative-sequence carrier-signal currdi€ most likely causes of such a stationary saliency [6], [10].
complex vector in the negative-sequence carrier-signal reference frameFfty. 6 shows the estimated position using the tracking observer
constant rotor speed, with, = 1 Hz (30 r/min) and no fundamental current. from Fig. 1, after the stationary saliency has been decoupled

(6], [10].
tudes relative to the rated fundamental current of less than 4.5%Vhen fundamental current exists, in addition to the rotor-de-
and 0.3%, respectively. pendent saliency, saturation-induced saliencies are often

The trajectory and FFT of the negative-sequence caresent. Figs. 7 and 8 show the negative-sequence carrier
rier-signal current when the motor rotates at constant spemdrent trajectory and the corresponding FFT, and the estimated
with no fundamental excitation in the machine can be seestor position, respectively, for the case of operation at rated
in Fig. 5. It can be seen that the rotor-dependent saliencyrrent-rated slip. Figs. 9 and 10 show the results for the
creates mainly a harmonic that rotates at twice the electricalse of a no-load, rated flux condition. The presence of the
rotor speed (four times the rotor mechanical speed forfandamental current is seen to create additional harmonics
four-pole machine). From this figure, it is also seen that thie the negative-sequence current. The adverse effect of the
negative-sequence current contains a dc component in #aturation-induced saliencies on the estimated position due to
negative-sequence reference frame, i.e., which does not mtvefundamental current is evident when comparing Figs. 8 and
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Trajectory and FFT of the negative-sequence carrier-signal current
plex vector in the negative-sequence carrier-signal reference frame with the
rotor removed, for rated fundamental current, = 1 Hz.

Fig. 9. Trajectory and FFT of the negative-sequence carrier-signal curr % 11
complex vector in the negative-sequence reference carrier-signal frameC A
constant rotor speed, with. = 1 Hz,w,. = 1 Hz (30 r/min), and rated flux.

Another potential explanation for these harmonics could be
the carrier signal being able to “see”/detect not only a saturation-
induced saliency, but also its polarity. In essence, the carrier
signal is able to distinguish between a north and a south pole of
the fundamental flux (either leakage or magnetizing flux) due to
the nonlinear interaction of the fundamental flux and the carrier-
signal flux due to saturation. This issue is further discussed in
the next section.

time (s) It should also be noted that for all the machines tested during
this research, th&¢w. harmonics were only present when funda-

Fig. 10. Estimated rotor position and estimated rotor position error,wite  Mental excitation existed, which points toward the fundamental
1 Hz,w, = 1 Hz (30 r/min), and rated flux. flux rather than physical differences as the most likely source.

<o

(mech.deg.) (mech.deg.)

Error Or

10 with Fig. 6, which was the case with no fundamental curreAt Influence of the Stator Leakage Flux
excitation.

To separately investigate the influence of the stator leakage
flux, experiments were carried out with the rotor removed from
the stator. When a carrier signal is injected under this condi-
tion, any saliency observed may possibly be attributed to the

The influence of saturation-induced saliencies on the positieaturation due to the stator leakage flux, since no air-gap or
estimation has been addressed by different researchers [1]d{or flux exists. Fig. 11 shows the measured negative sequence
[8]-[11], [13]. This analysis has typically been limited to thearrier signal current and the corresponding FFT when funda-
study of the harmonic & - w., assuming that the saturation-mental current is injected with the rotor removed. It is seen that
induced saliency will form a sinusoidal spatial distribution witleven though no air-gap flux exists, a noticeable saturation-in-
its period equal to the pole pitch [11], [13]. duced saliency was created. It is also interesting to compare the

Experimental results reveal that additional, nonnegligibleFT in Fig. 11 with the one in Fig. 9. Except for the 2nd har-
harmonics are present. Furthermore, it is difficult to distinguigihonic presentin Fig. 9, which is due to the deterministic spatial
between saturation-induced saliencies caused by the air-gapation of the rotor slot openings and is therefore not present
flux, stator leakage flux, or rotor leakage flux. in Fig. 11, the remaining harmonics are strikingly similar. This

From the experimental results presented in the previous sdata strongly supports the hypothesis that saturation due to the
tion, it is interesting to note the-w, harmonics in the nega- stator leakage flux could also be a source of saturation-induced
tive-sequence carrier current when the fundamental excitatiorsadiencies when the rotor is present. A stator leakage flux contri-
present. Any saliency that is periodic over a pole pitch and is roution to saturation-induced saliencies was also observed previ-
tating atw. should give rise to harmonics with an orde2hw., ously in [13].
withh =1, 2, 3, .... Thetw, harmonics do not follow thisre- It is also interesting to notice that thew,. harmonics are
lationship. Thetw, harmonics might be explained as the consg@resent in Fig. 11, which eliminates any rotor eccentricity as
guence of physical asymmetries in the stator windings. Anothepotential source for these harmonics. It has been claimed that
potential explanation is a dynamic eccentricity of the rotor th#te +w. harmonics are the results of a north/south-pole effect
might give rise tatw,. harmonics, which for the case of no-loacassociated with the air-gap flux [14]. The fact that the rotor is not
condition would rotate at the same speed asttlie harmonics. present in this experiment contradicts that explanation. None of
However, this would not be true for loaded conditions. Nevethe experiments carried out during this research, including those
theless, these physical differences should be attenuated in mih the rotor present, suggest that the air-gap flux gives rise to
chines with more than two poles, since their period would nihis behavior. Consequently, a north/south-pole effect due to the
match the stator windings fundamental period and would not bator leakage flux seems to the most likely origin. Nevertheless,
expected to create large saliencies. this hypothesis is still unverified.

IV. MEASURING AND MODELING SATURATION-INDUCED
SALIENCIES
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Fig. 12. (a) Variation of the stator leakage inductance over a pole pitc _ G o _ i 5
(four-pole machine) by closing the stator slot using ferromagnetic materi = - oL T
(iron bars). (b) Rotation of the saliency between two consecutive positions. s 1 } A ]

p—— - =

[ = El 2] i
= i | r -_—: 130 i
B. Modulation of the Stator Leakage Inductance
Additional experiments were carried out with the rotor re A i A
moved in order to verify how saliencies interact with the statc o
windings and which harmonics should actually be expecte ! FF'l of the negatve sequence curment

L.

in the negative-sequence current. With the rotor remove ;
spatial modulation of the stator leakage inductance can eas =
be achieved by placing ferromagnetic material (iron bars) ov: 2
some of the stator slots, as shown in Fig. 12(a).

By covering some of the stator slots with iron bars, high s et hiarmitine gt
leakage flux paths (high stator leakage inductance) are created. @ b)
Fig. 12(b) shows one possible placement of the iron bars for
the case of the four-pole machine whose parameters are lilg 13- Creation of a spatial modulation in the stator leakage inductance
. . . . using two different patterns. Both negative-sequence currents and FFT shown
in Table I, m_0t0r 1. For thls'case, a saliency pe_”0d equal to i negative-sequence carrier reference frame. (a) Saliency consisting of a 2nd
stator slots, i.e., one pole pitch was chosen. This correspondsgtaial harmonic fundamental and odd multiples. (b) Saliency consisting of a
the 2nd spatial harmonic with a period equal to two pole pitché@d spatial harmonic fundamental and both odd and even multiples.

used as the reference (4th spatial harmonic when 360 mechan-
ical degrees is used as the reference). A symmetric patternsgftor windings are designed to accentuate the fundamental
three closed and three open stator slots was chosen. This gfgatial components and to attenuate higher spatial harmonics.
ates a symmetric square-wave spatial modulation of the stai®ius, a symmetric square-wave permeance modulation results
leakage permeance, which should yield mostly odd multipl@$ an almost sinusoidal inductance modulation when seen by
of the fundamental harmonic of the saliency. The saliency cgie stator windings [9].
easily be rotated by simply moving the iron bars, as shown inFor the second case, an asymmetric square wave, one pole
Fig. 12(b). Of course, only discrete positions of the saliency cg@itch pattern was used (four open, two closed), as shown in
be obtained with this method, since the rotation step is one stag. 13-1(b). The asymmetry results in both odd and even per-
slot, corresponding to 15 mechanical degrees for this case. meance harmonics. Fig. 13-2(b) shows the negative-sequence
Despite the simplicity of this experiment, some interestingarrier current and Fig. 13-3(b) the corresponding FFT. The
conclusions can be reached. Fig. 13—2(a) and (b) shows the r@gen harmonics in the saliency interact with the stator wind-
ative-sequence carrier current created when the two, one pielgs resulting in additional harmonics in the negative-sequence
pitch patterns shown in Fig. 13-1(a) and (b) were used. carrier current, whose trajectory is no longer a circular pattern.
The first case, shown in Fig. 13-1(a), is a symmetriErom Fig. 13-3(b), it is seen that the4th harmonic shows up
square-wave spatial modulation (essentially odd harmonicajith a significant magnitude. The4th harmonic is also com-
The resulting negative-sequence carrier current trajectory rasnly found for the case of saturation-induced saliencies, as
the saliency is rotated is shown Fig. 13-2(a). The trajectosgen in Figs. 7, 9, and 11.
consists of only six points since the saliency created by theTo further explain the origin of the-4th harmonic, an ad-
iron bars repeats after moving six stator slots. The FFT of thi@&ional experiment was performed. A two-pole machine was
negative-sequence carrier current is shown in Fig. 13-3(ased (Table I, motor 2). Fig. 14-2(a) and (b) shows the nega-
When the saliency is rotated two pole pitches (180 mechanitizk-sequence carrier-signal current and Fig. 14-3(a) and (b) the
degrees, equivalent to 360 electrical degrees for a four-palerresponding FFT for the two different spatial modulations in
machine), the negative-sequence carrier-signal current thre stator leakage inductance of Fig. 14-1(a) and (b).
Fig. 13-2(a) rotates two complete turns. Using the electricallt is noted that, for the two cases, the saliency was rotated
angle of the saliency as the base angle, the negative-sequéndbe positive (counterclockwise) direction. For the first case,
carrier-signal current is mostly a 2nd harmonic, as showiig. 14(a), a symmetric square-wave modulation with its funda-
in Fig. 13-3(a), with a stationary saliency. The fact that nmental period equal to the pole pitch (2nd spatial harmonic) was
noticeable additional harmonics exist is due to the way thateated. The negative-sequence carrier current is seen to consist
most conventional polyphase machines are wound, i.e., thfemostly a 2nd harmonic, in addition to a stationary saliency.

mmgniude

Ll
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I Creatinn of the salisscy whenn is equalto 2, 5, 8, 11. . (i.e.,n = 2+ integer multiples
phase 2 L i v of 3). The case of equal to integer multiples of three, i.e.,
n = 3,6,9 ... does not result in any negative-sequence

phase b
current.

phise o C. Modeling of Saturation-Induced Saliencies

= The development of a theoretical model for the relationship
20 MERAIVE SEUENCE CUEER| TRECIONY between the saliencies in a machine and the resulting negative-
o sequence carrier-signal current can be divided into two distinct
" - i1l s
< {1 steps.
] = E ' 1) The firstis calculation of the required permeance spatial
= -hi 300l distribution that results in it coupling with the machine
windings to produce an inductance variation.
R il 2) The second is development of the relation between the
. Y speed of rotation of the source of the permeance variation,
i.e., a component of the flux or the rotor position, to the
— e speed at which the permeance variation itself rotates and
s Sitie k] then ultimately to the speed of rotation of the resulting

i1 FEI of the negamve sequence Curment

Al

] _E T ! negative-sequence carrier-signal current.
x L __I Sl | " I I ) This section briefly discusses the development of a model
o 4 o % W T using these steps and summarizes some of the general conclu-
hammonic: veder harmonic nide sions that result from such a model.
@ ) The mutual inductance between two windingsandy, can

be modeled as shown in (4) [10], [16]

Fig. 14. Creation of a symmetric square-wave spatial modulation in the stator

leakage inductance with its fundamental period equal to (a) the pole pitch (2nd b 27
spatial harmonic and odd multiples), and (b) half of the pole pitch (4th spatial L, = Y= P(b,, 6,, 9e)Nx(95)Ny(9s) dd, (5)
harmonic and odd multiples). Both negative-sequence currents and FFT shown 1y 0

in a negative-sequence carrier reference frame.

whered, is the angle along the circumference of the statpr,
For the second case, Fig. 14(b), a symmetric square wave mogune rotor positiong, is the flux angle,’(6,, 6., ) is the
lation with its fundamental period equal to half of the pole pitcR€Meance function, which is a function of the rotor position
(4th spatial harmonic) was created. The negative sequence &ad flux angle,N..(¢,) is the winding function for winding,
rier again describes a circular trajectory, but now consisting 89 Vu () is the winding function for winding.
mostly a—4th harmonic, i.e., it rotates backward. This demon- USing Fourier series expansions for the permeance and
strates that a spatial modulation with its period equal to half ¥finding functions allows (5) to be evaluated for the harmonics
the pole pitch, intrinsically creates an inductance variation th e permeance and winding functions, relative to the stator

rotates backward relative to the direction that the saliency r@9l€: that result in nonzero inductance values. For this to
occur, the relationship between the harmonics of the permeance

tates. o ; . .
Additional experiments with different periods in the create@d Winding functions shown in (6) must be satisfied
saliency were performed (but not included in this paper due he —h.. +h (6a)
sp — Itsx sy

to space constraints). The following general conclusion was
reached. Withy, being the harmonic saliency period in me-

chanical degrees (3), only when (4) is satisfied will it couplgnerey, s the harmonic number of the permeance function
with the stator winding and result in a negative-sequence yocinad by (4)h.. is the harmonic number of the winding

hap =|hsw — hay| > 0 (6b)

current function for thex winding, andh, is the harmonic number of
_2m the winding function for they winding, all relative to the stator
ve =7 (3)
sp angle.
hsp=mn-p=1,24,578,10, ... 4) This relationship can be simplified somewhat by realizing

) ] ) _ that the winding function harmonic numbers,, andh,,, by
wherep is the number of poles arid,, is the saliency harmonic definition, are integer multiples of the number of pole pairs in
order relative to 360 mechanical degrees. the machine. This allows the number of pole pairs to be factored

The resulting negative-sequence current for each saliengy of (6) resulting in the simplified version (7)
harmonic rotates at a speed (in electrical units) in the neg- v

ative-sequence reference frame equal rto- p times the hsp =m=< @)
mechanical speed2(- n times the electrical speed) of the 2

saliency. In addition, it rotates in the same direction as theherem is an integer greater than zero and is equalfa., +
saliency whem is equal to 1, 4, 7, 10.. (i.e.,n = 1+ integer h,y)/p Or 2|k, —hsy|/p. Note, oddn will not exist if the wind-
multiples of 3), and in the opposite direction as the salienaygs are symmetric, i.e., the winding functions, and,,, con-
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tain only odd harmonics. In this case, (7) is equivalent to the e Magnitude (A) Phase (deg.)
perimentally deduced (4) with being equal tor/2. Equation I RN B RN
(7) indicates that the spatial permeance must be periodic ove a) de Cagalsetiiaest 0 SEERAF RTINS
pole pitch for there to be any coupling between it and the m: Ob oo - poow-oooof (WOp -t
chine windings. BT T e S T S S r—
A general relationship between the speed of rotation of trb) 1% e 0 ' '
saliencies in a machine and the resulting speed of rotation o | el s | g,
the negative-sequence current is much more difficult to calci 001 F—T—r————— 180

late in a general manner. This is primarily due to the fact that tf ¢y =
exact permeance spatial distribution and variation with chang
in flux angle or rotor position is difficult to determine precisely
for a given machine. Even with these difficulties, several ger ;/ 001 e eseex] 180
eral statements can be made regarding the characteristics of

M 0
olL®x 7 L ... -180

L s P T

speed at which the resulting negative-sequence carrier-sig R SN
current rotates. R e I
1) The negative-sequence carrier-signal current will rotate © ~# S
i i ey A PIETRE Ay |
a speed equal to the spatial harmonic number of the pe 0 [ SAmmperes T ¥ -180
meance variati hati ri imes th 0 30 100 0 50 100
eance variatiorf;.,,, that it describes times the speed a % rated curren: e curm

2)

3)

which this permeance variation rotates. Conceptually th..
can be seen from the fact that once the permeance varia- (@) (b)

tion rotates through an angle equal to its period it appeatig. 15. Magnitude and phase (relative to the fundamental current
exactly the same to the machine windings. For exampl@mplex vector) of the most significant fundamental excitation-dependent
the main saliency created by saturation has a spatial d|sfﬁ%ﬁgvfazzq;en”;fo?oamgg'ff *32 L“Zr;ar']%”l o(gd”[‘f”f#gz?n;e?ff":c‘f_;ﬁgt level,
bution with a period equal to the pole pitch of the machingo rimin)], and locked rotor (continuous line, = 2 Hz).

and rotates at the same speed that the flux rotate3 his
means that the resulting negative sequence carrier signal
current will rotate at twice this speed in electrical units in
the negative-sequence carrier-signal reference frame.

It is possible for the permeance variation to rotate at a
multiple of the speed at which its source rotates. An ex-
ample of this is the permeance variation caused by the
combination of rotor and stator slotting. This permeance
variation has a fundamental spatial harmonic given by (8),
with S andR being equal to the number of stator and rotor
slots, respectively. This permeance waveform rotates at
the electrical speed shown in (9), which is a multiple of
the speed that its source rotates, i.e., the rotor slotting,
which rotates at the rotor mechanical spegg [4], [10]

bars. In both of these cases the presence of the nega-
tive-sequence current can be explained by the coupling
between the 1st and 5th harmonics of the stator windings
and a permeance variation that is a 4th spatial harmonic
of the electrical period (i.e., half a pole pitch) using (6b).
The coupling between the two different harmonics of the
stator windings causes the resulting inductance variation
and negative-sequence current to rotate in the opposite di-
rection that the permeance variation rotates.

V. DECOUPLING OFSATURATION-INDUCED SALIENCIES

The results of this work have shown that saturation due to

hep =R — 5| (8) the stator leakage flux is the source for a majority of the satu-
R ration-induced saliencies observed. This is advantageous since
“p= (RS) Wrm. ©)  the positions of such saliencies are related to the known stator

current complex vector.
If the permeance spatial variation due to the stator andFig. 15 shows the variation, both in magnitude and phase, of
rotor slotting couples with the machine windings,] the most significant harmonics for the test motor 1 (Table 1),
is equal to an even integer multiple of the number as a function of the fundamental current level for the cases of
pole pairs, (7)] then the resulting negative-sequence ca. rotor, no load, and rotor locked. It is noted that for the case
rier-signal current rotates in electrical units equal to thef locked rotor experiments, the rotor saliency is stationary and
product of (8) and (9). dominates the stationary saliency seenin Fig. 15(a). For the case
It is possible for negative-sequence carrier-signal currasitno-load experiments, the rotor rotates at the same speed as the
to rotate in the opposite direction that the permeance vafindamental excitation and the rotor saliency dominates the 2nd
ation causing it rotates, depending on how the permearttamonic component. Though not included in this paper, sim-
variation couples into the multiphase windings [10]. Thigar harmonic distributions were found for other machines from
coupling with the machine windings is the reason that allifferent manufacturers with similar power ratings as this motor.
of the 4th harmonic (in electrical units) components dfor the machines tested it appeared that the harmonic distribu-
the negative-sequence carrier-signal current shown in thisn depends on the machine ratings. In the machines tested, the
paper rotate in the opposite direction that their source rérw. harmonics were found to decrease as the machine power
tates, whether they be caused by saturation or the irmtreased.
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Fig. 18. Estimated rotor position and estimated rotor position error, with rated
current at rated slipy. = —1 Hz,w,. = 1 Hz (30 rmin), with 1st—1st, 2nd,
and—4th harmonics decoupled according to Fig. 15.
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Fig. 16. Tracking observer for estimating rotor position in a machine with a . . . . . .
single-rotor position-dependent saliency with negative-sequence carrier sigi@n. Comparing Fig. 17 with Fig. 10, a noticeable improvement
decoupling based on measurements with the rotor removed, implemented jp #he estimated position is seen.
i f fi . . . "
stationary reference frame Fig. 18 shows the estimated position under rated flux, rated

slip, i.e., rated fundamental current, after decoupling the four

B % most significant harmonics in a similar way as was done for
- = 180 Fig. 17. The improvement in estimated position can again be
[ . . . .
E 0 observed when comparing Fig. 18 with Fig. 8.
- 20
« & VI. CONCLUSIONS
5 2 0
-= " . . . . .
5 g The influence of saturation-induced saliencies on the perfor-
- 20 mance of carrier-signal injection-based sensorless ac drives has

been studied in this paper.

While saturation-induced saliencies can be due to air-gap,
stator leakage, and rotor leakage flux, an important portion of
the overall saturation-induced saliencies has been shown to be a
function of the stator leakage flux. The locations of these salien-

) o ) _cies are governed by the stator current vector, which is well
An important characteristic observed in these curves is th@own both in magnitude and phase.

the variations of the different harmonics are smooth functions. A |ookup table experimentally measured with the rotor re-
This makes lookup tables viable for storing how the negativitoved was found to yield a very useful approximation to these
sequence current harmonics vary as a function of the fundgator leakage flux saliencies. These “no-rotor” data were shown
mental current, allowing their effects to be decoupled. In ags pe valid over the full range of drive operation.

dition, only small variations appear to exist for any of the de- The |ookup table containing the most relevant harmonics of
picted harmonics between the three working conditions cofre negative-sequence carrier-signal current relative to the lo-
sidered, i.e., no load, rotor locked (at rated slip), and no rot@ation of the fundamental stator current was shown to be a vi-
other than the aforementioned influence of the rotor slottinghle means of decoupling errors due to the stator leakage satu-
saliency. This suggests using the harmonics measured from th&€on-induced saliencies.

no-rotor experiment to decouple the harmonics created during

time (s)

Fig. 17. Estimated rotor position and estimated rotor position errorowits
1 Hz,w, = 1 Hz (30 r/min), and rated flux, with 1st-1st, 2nd, and-4th
harmonics decoupled according to Fig. 15.

the normal operation of the motor. These measurements can
easily be made on a new machine designed for sensorless appl[il-]
cations. On the other hand, collecting this data from currently
installed machines might be impractical due to the necessary
downtime and the excessive effort required. For these situationg?]
useful data can also be collected from locked-rotor and no-load
experiments. In any case, the decoupling of saturation-induced]
saliencies necessarily requires a commissioning process.

Fig. 16 shows the decoupling scheme used, and Fig. 174
the estimated position under a rated-flux, no-load condition,
after decoupling the four most significant saturation-induced
harmonics, i.e., the 1st;1st, 2nd, and-4th .

The “no-rotor saliency model” block implements the mea-
sured data shown in Fig. 15 for the case of the rotor removed[G]
using a lookup table. This block provides an estimate of the neg-
ative-sequence carrier current due to stator leakage flux satura-

(3]
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