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Abstract— Controlled induction motor drives without me-

chanical speed sensors at the motor shaft have the attraction fundamental model IR aEieEs

of low cost and high reliability. To replace the sensor, the in- adt_iitior;al o o o os o S
formation on the rotor speed is extracted from measured sta- insj:gcr:i%n y g g

tor currents and from the voltages at the motor terminals. Vec- open main

. . g . . Amyef rotor slot |: artificial | rotor slot
tor controlled drives require estimating the magnitude and spa- | principle loop observers | - monics |Inductance saliency | leakage

. . . . . models saturation
tial orientation of the fundamental magnetic flux waves in the T pr——

. . L S , )
stator or in the rotor. Open loop estimators or closed loop ob- | minimum | o0 02y [temporarily | pelow 1 Hz | theoret. | theoret. |

servers are used for this purpose. They differ with respect to |""%|  zero zero zero zero
accuracy, robustngss, and sensitivity against model parameter Sn;:éa half half | theoret. half el | theoret.
variations. Dynamic performance and steady-state speed ac-| Tgyor | ratedslip | ratedslip | zero | ratedslip zero
curacy around zero speed range is achieved by signal injec

tion, exploiting the anisotropic properties of the machine. The | P%Ston | — - - - - | theoret

overview in this paper uses signal flow graphs of complex spac
vector quantities to provide an insightful description of the sys-
tems used in sensorless control of induction motors.

Fig. 1. Methods of sensorless speed control

Keywords:Induction motor, sensorless speed control, sefcrease their robustness and improve their dynamics. Fun-
sorless position control, vector control, observers, modellingamental models have their limits at zero stator frequency.

identification, adaptive tuning, signal injection The rotor induced voltage is then zero, which renders the in-
duction motor an unobservable system.
1. INTRODUCTION It is particularly the low speed range where anisotropic prop-

Controlled induction motor drives without speed sensefties of the machine can provide additional information on
have emerged as a mature technology in the past decadéhpLfield angle or the position of the rotor. Voltages induced
2]. The advantages of sensorless control are reduced h#rdhe stator windings by spatial rotor slot harmonics can be
ware complexity and lower cost, reduced size of the drive niéilized to determine accurate speed signals. Transient exci-
chine, elimination of the sensor cable, better noise immunitgtion by injected signals having other frequencies than the
increased reliability and less maintenance requirements. A firdamental, or the transients caused by inverter switching,
tor without speed sensor is indicated for operation in hostlerve to detect the spatial orientations of existing anisotro-
environments. Notwithstanding the rapid progress at whipies. The response of the motor is used either to identify the
the new technologies have emerged, the requirement of ofietd angle, or the rotor position angle.
ating a sensorless drive at very low speed constitutes a peBoth the fundamental model methods and the signal injec-
sisting challenge. tion techniques are competing to improve the low speed per-

Fig. 1 gives a schematic overview of the methodologitgymance of sensorless drives. This overview paper charac-
applied to sensorless speed control. A first category compiyizes the major representatives of either class. It visualizes
es the methods that model the induction motor by its stéieir functionalities by complex signal flow graphs and dis-
equations. A sinusoidal flux density distribution in the airgagyisses their merits and shortcomings.
is then assumed, neglecting space harmonics and other sec-
ondary effects. The approach defines the class of fundamen- 2. OPENLOOPMODELS
tal models. They are either implemented as open loop strad The stator model
tures, like the stator model, or as closed loop observers. Thehe stator model is derived by integrating the stator induced
latter make use of error signals between measured and ggfiageu; = ug —rsig, Which yields
mated quantities that are fed back to the observers in order to



N  integrator error infg affects the signakigin Fig. 2(a). This
IF| \\ signal dominates the integrator input when the
7 3 magnitude otigreduces at low speed. Converse-
Ug Y lowpass | ly, it has little effect on the integrator input at
7 é T Uty w—  higher speed as the nominal valug gf is then
) — low. Its value ranges between 0.02 - 0.05 p.u.,
lz 2 where the lower values apply to high power ma-
Y, VU chines.
el T 0 To summarize, the stator model is sufficiently
‘ robust and accurate at higher stator frequency.
Two basic deficiencies let this model degrade as
the speed reduces: The integration problem, and
the sensitivity of the model to stator resistance
Fig. 2. Stator model; the ideal integrator is approximated by a low pass filtermismatch. Depending on the accuracy that can
be achieved in a practical implementation, the
~ A ~ 17/~ ~ lower limit of stable operation is reached when the stator fre-
¥ :I(US ~fig)dr, ¥ = kT(vIS - GIS'S) (1) quency is around 1 - 3 Hz.

is

(a) signal flow graph arg (F) | 1ow pas/s
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(b) Bode diagram 2

integrator

whereaolg is the total leakage inductanee,= 1 —I,2/lgl, is 2.2 Model reference adaptive system

the total leakage factor, amg = I/, is the coupling factor ~ The model reference approach (MRAS) makes use of the
of the rotor. The resulting stator flux linkage vectgiis then redundancy of two machine models of different structures that
used to determine the stator field angie = arg@y), or, estimate the same state variable on the basis of different sets
considering the leakage flux vectslgig, the rotor field angle of input variables [4]. Both models are referred to in the sta-
6" = argW,). Equation (1) is visualized by the signal flowionary reference frame. The stator model (2) in the upper por-
diagram Fig. 2(a), [3]. Note that time is normalized apn of Fig. 3 serves as a reference model. Its output is the
7 = wsRt, Wherewgg s the rated stator frequency. estimated rotor flux vecto¥,S. The superscrip® indicates

The stator model as defined by (1) is difficult to apply ithat¥, originates from the stator model.
practice since unavoidable disturbanagsindi,, invariably  The rotor model is defined by the differential equation of
superimposed to the acquired signadsandig in Fig. 2(a), the rotor winding system [2]
impede achieving the required accuracy. It is particularly the
offset and drift effects that arise from analogue signal mea- . %H/; U i 3)
surement. They accumulate at the integrator output in Fig. rdr r = 10mlr¥r Fimls:
2(a). The resulting runaway of the output signal is a fundgsis model estimates the rotor flux based on the measured

mental problem of an open integration. A negative, low-gaif,tor current and on a tuning sigmal, in Fig. 3. The tuning
feedback is therefore added which stabilizes the integrator apfhal is obtained through a proportional-integral (PI) con-

prevents its output from increasing without bounds. The fegs|1er from a scalar error signad = ¥,S x YR, =

back signal converts the integrator to a first-order delay, dﬁf,S y)rR sina. This notation denotes tteecomponent of the

signed to have a low corner frequency;1/The stator model \ector product. The error signals proportional to the angu-
(1) thus becomes

dys
Togr
The Bode diagram Fig. 2(b) shows that the first order de-
lay, or low-pass filter, behaves as an integrator for frequen-
cies much higher than the corner frequency. It is obvious tha
the model becomes inaccurate when the frequency reduces to
values around the corner frequency. The gain then reduces
. . . Is
and, more importantly, the —9@hase shift of the integrator
is lost. This causes an increasing error of the estimated field
angle as the stator frequency reduces, which finally makes
the system unstable.
The decisive parameter of the stator model is the stator re-
sistancerg. The resistance of the winding material increases
with temperature and can vary in a 1:2 range. A paramefdg. 3. Model reference adaptive system for speed estimation

stator model

=

+ W =1 (0g ~ i) (2)

rotor model

Om




- field <e—| —»- stator _ es the stator current reference at field weakening. This linear-
Yil¥ho coordinates Mam - 4 izes the speed control loof;q is the normalized rotor flux
. speed contr. 1 linkage in the base speed range.
ﬁn; l/l li 3 It is a particular asset of the approach [4] that an accurate
B I ~ | orientation of the injected current vector is maintained even

if the model value of, differs from the actual rotor time con-
stant of the machine. The reason is that the same, even erro-
neous value ot, is used both in the rotor model (3) and in
the algorithm (4) and (5) of the speed control scheme Fig. 4.
If the tuning controller in Fig. 3 maintains zero error, the con-
trol scheme exactly replicates the same dynamic relationship
between the stator current vector and the rotor flux vector that
Fig. 4. Speed and current control systen for MRAS estimatogists in the actual motor, even in the presence of a rotor time
CR PWM: current regulated pulsewidth modulatdt; Numera- .
tor, D: Denominator constant error [4]. However, the accuracy of speed estima-
tion, reflected in the feedback sigral, to the speed control-

. . ler, is degraded by an error#
lar displacementr between the two estimated flux vectors. 9 y T . . .
A more severe source of inaccuracy is a possible mismatch

As the error signal gets minimized by the PI controller, th? .
. ) - of the reference model parameters, particularly of the stator
tuning signal@,, approaches the actual speeg, of the

motor. The rotor model as the adjustable model then aligfbéc‘rztggceigzz(igégig“;Eir;?;rtz?rf]fee zl;t:éﬂsystem IS re-
its output vectoW,R with the output vecto¥,S of the refer- yS q :

ence model. o _ 2.3 Rotor field orientation with improved stator model
The low-pass approximation (2) of the ideal stator modeIA sensorless rotor field orientation scheme based on the

(1) makes the integration inef_fective in the_f_requency rahgfator model is described IBhtani[5]. The upper portion of
around and below 1{. It necessitates the addition of an equl\f:'ig. 5 shows the classical structure in which the controllers

alent bandwidth limiter in the input of the adjustable rotqg, speed and rotor flux generate the current reference vector

model. Below the cutoff frequenaysg/ty = 1 - 3 Hz, speed i in field coordinates. This signal is transformed to stator

estimation begomes therefore inaccu'rate. A rever;al of Spgsggrdinates and processed by a current regulated pulsewidth
through zero in the course of a transient process is neveriies oller CRPWM). A possible misalignment of the refer-
less possible, if such process is fast enough not to permﬂé“ge frame is detected as the difference of the measured
output of therl-QeIay elgmgnt (2) to assume erroneous V%l)'(is current from its reference valije This error signal feeds
ues. However, if the drive is operated at close to zero stalgs, controller, the output of which is the estimated mechani-

frequency for a longer period of time, the estimated flux gogs, speedlt is added to an estimated valﬁer of the rotor
astray and speed estimation is lost.

According to [4], a speed control system can be superim-
posed to the speed estimator as shown in Fig. 4. The estimat- field <e—|—s stator

Us

ed speed signab,, is supplied by the model reference adap flux controller coordinates mams
tive system Fig. 3. The speed controller in Fig. 4 generateseQ—— |
rotor frequency signab,, which controls the stator current -4 CR ~
magnitude speed contr. PWM =
wﬁq ——
l;!\/ )y K i
C_ 10 L2202 -4
ig = Ir N1+ QAT (4) O ;
s ig-controller . u
S

in the base speed range and the current phase angle

oR = I(bsdr +tan"(co 1, ), (5)

AR
both at rotor field orientation. Equations (4) and (5) are &aﬁﬁllé

derived from the condition for rotor field orientation [2] N @ iq R l//r* 3'\/1
. w
Im'q = c’*’rTrl//rd (6) . a D @ W*

and from the steady-state solutigp= ¥,/l,,, of (3) in field
y Qn= Vi/lm of (3) Fig. 5. Sensorless speed control based on dyexsitimation and

COF’“?"”aFeS' Wher@rq'z 0, and h.encé’rd: l_//r 'S_ assqmed for rotor field orientation. CRPWM: Current regulated pulsewidth
existing field orientation. The sign#}/¥,q in Fig. 4 increas- modulator: N: NumeratorD: Denominator
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Uir referred to in stator coordinates and hence is an ac variable,
/ Us the same as the other variables.
/ T The signal flow graph Fig. 6 shows that the rotor flux vec-
—

tor is synthesized by the two componeitg and ¥,,, ac-
cording to (9) and (10). The high amplitudeugfets¥,; dom-
inate the estimated rotor flux vect¥yat higher frequencies.
As the stator frequency reduces, the amplitudesoeduces
and ¥, gets increasingly determined by the sighgl that is
contributed by the lower channel. Sin'e,é is the input vari-
able of this channel, the estimated valud/pgets replaced
by its reference valu¥," in a smooth transition. Finally, we
have¥, = ¥,* at low frequencies which, in effect, deactivates
the rotor flux controller. Still, the field angﬁzR as the argu-
ment of the rotor flux vector is under control through the speed
controller and thég-controller in Fig. 5, although the accura-

¢ btained with ref h dition f cy of SR reduces. Field orientation is finally lost at very low
requency, obtained with reference to the condition for rO'Igﬂ':ltor frequency, because only the frequency of the stator cur-

field orientation (6), but computed from the reference valu ; .

i * and¥* The re(a)son is thatpthe measured vikie usuall féhts remains controlled. The currents are forced into the ma-
q r- d by h ) hil :(!1 ) yd chine without reference to the rotor fieRt being ill defined.
contaminated by inverter harmonics, while the estimate his provides robustness and stability, although not dynamic

tor flux linkage vecto#, is erroneous at low speed. The inteﬁerformance. In fact, the-axis curreniq is directly derived

. . . “R
gration ofcs prowdeg the rotor f'e"?' angie”. in Fig. 6 as the current component in quadrature with what is
The stator model is used to estimate the rotor flux Vec%nsidered the estimated rotor flux vector

Y,. The drift problems of an open integration at low frequen-
cy are avoided in Fig. 6 by band-limited integration by means i = Ai ,7, xi
of a first-order delay. This entails a severe loss of ga# in oy T

at low stator frequency, while the estimated field angle devi-

ates considerably form the actual position of the rotor fief§dependently of whether the argument of this vector is cor-
The Bode plot in Fig. 2(b) demonstrates these effects. rectly estimated. Equation (11) is visualized in the lower left

An improvement is brought about by the following consid©rtion of the signal flow diagram Fig. 6.
erations. The transfer function of an integrator is As the speed increases again, rotor flux estimation becomes

more accurate and closed loop rotor flux control is resumed.

v =iﬁ- _1~ s+l @) The correct value of the field angle is readjusted ag-drds
s s7Mps+l current, through (11), now relates to the correct rotor flux
where'/7r andu;, are the Laplace transforms of the respecti\)/eeCtor‘ Thag-controller thep adjusts the est|mat_ed speed, and
space vectors, and;, is the rotor induced voltage in the consequence al_so the field e_mgle for a realignment of the
stator windings. The term in the right is expanded byr%ference frame with the rotor field.

fraction of unity value. The expression is then decomposed_At 18 rpm, speed_ accuracy is reported to be erpm
with a 4-pole machine. Torque accuracy at 18 rpm is about

0.03 pu. at 0.1 pu. reference torque, improving significantly
as the torque increases. Minimum parameter sensitivity ex-
ists atry = 7y [5].

Fig. 6. Rotor flux estimator for the structure in Fig. 5;
N: NumeratorD: Denumerator

(11)

Al

~ 1 -~ 1
Y, = Uiy +
Fors+17" 14s+1

Ij}r = '7lr1 + fi’rz (8)

while substitutingli;/s = ¥, which follows from (7). The

result is the equivalent of the pure integraligf on condi- 2.4 Improved stator model for low speed performance
tion that¥, = ¥,". A transformation to the time domain yield$ 4 1 signal acquisition errors

two differential equations The basic limitation for very low speed operation is owed
dv,, ~ . , digO to unavoidable dc offset components in the stator current and
gy *¥n= Tla’s “lds It s 4 o (9) voltage acquisition channels. These accumulate when being
integrated in a flux estimator, producing a drift of the output
whereu;; is expressed by the measured values of the termigginal. Some improvement may be obtained by limiting the

voltages and currents, written in brackets, and flux signal to its nominal magnitude. The field angi® as
dv,, * (g the argument of the stator flux vect¥g then gets distorted
1 4gr +¥o =¥ ®. (10) twice per fundamental frequency, which introduces a ripple

component in the torque producing currgptThe resultin
It is specifically marked here by a superscript tHatS) is P que p g Ccurreql g
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? 1?2 ‘ //I / speed oscillations mayfundamental cycle. Neither does the effect of the device thresh-
o diode/ /, / eventually render the sys-old voltages change, even when the switching states change
120 \/ tem unstable since the effecin the ongoing process of pulsewidth modulation. The invert-

gets more and more pro-er therefore introduces voltage components of identical mag-

80 /, %{BT nounced when the statomitude uy, to all three phases, with their signs being deter-
,,’/ 25" 125° frequency reduces [2]. mined by the directions of the respective phase currents. De-
40 /’/ ) scribing the device voltages by a voltage space vector defines

11/ 2.4.2 PWM inverter model (he threshold voltage vector
V4 One of the reasons that
Oo‘éu' > 4 ey rendera PWM invertera :l(u San(i N2 (i
ih th =5 (UnSign(ia) + augpsign(ip)+a uthsgn(lc)), (12)

nonlinear system is the

Fig. 7. Forward characteristics dead-time effect. Means ofyyhere a =exp(j27/3). To separate the influence of the stator
of the power devices; dotted line: ¢©MPeNsating this distur-cyrrents, (12) is expressed as
modelled approximation bance are well known [6].
Their implementation in a Uth = Ugn[3ec(is), (13)

sensorless drive is mandatory. here

At lower speed, also the voltage distortions introduced g’y
the nonlinear behavior of the PWM inverter become signifi-
cant. These are caused by the forward voltage of the power
devices. The respective characteristics are shown in Figisihe sector indicator [8], a complex nonlinear function of
They can be modelled by an average threshold voligge j (ty having unity magnitude. The sector indicator marks the
and an average differential resistangas marked by the dot- agpectivet 30°-sector in whichi is located. Fig. 8 shows
ted line in Fig. 7. A more accurate model is used in [7]. e six discrete locations that the sector indicatafig) can

The differential resistanag appears in series with the maz<sume in the complex plane.

chine winding; its value therefore adds to the stator resistanc@pe reference signal® of the pulsewidth modulator con-
of the machine model, which is just a change of the Mogg)is the stator voltages of the machine. It follows a circular
parameter. Other than this, the influence of the threshold V%‘Ejectory in the steady-state. Owing to the threshold voltag-
age is a nonlinear function of the device currents. This calls o the power devices, the average vaiygof the stator

for defining a nonlinear model of the inverter. voltage vectong, taken over a modulation cycle, describes

As seen from the inverter, each of the three phase currgpis, ctories that result distorted and discontinuous. Fig. 9
I3 ip andig, flow either through an active device, or throughy gy that the fundamental amplitudeugf is less than its
a recovery diode, depending on the inverter switching stq&erence value at motoring; it is larger at regeneration.
Invariably do the signs of the threshold voltages, being pfie yoltage trajectories exhibit strong sixth harmonic com-
of the forward voltage drops, coincide with the signs of thenenis in addition. Since the threshold voltage does not vary
respective device currents. The directions of the phase Gl stator frequency as the stator voltage does, the distor-
rents do not change during a time interval of one sixth ofigns are more pronounced when the stator frequency, and

hence also the stator voltages, are
ijT low. The distortions may even ex-
ceed the commanded voltage in
magnitude, which then makes cor-
rect flux estimation and stable op-
eration of the drive impossible.

Using the definitions (13) and
(14), an estimated valug; of the
stator voltage vector is obtained
from the PWM reference voltage
vectorupwm

Ucg —

secis) = 5 (Son(iz) + asign(y) + a%sign(c))  (14)

ijT

sector 2

| sector 1

~

>
~&ld o 5.7

~

N o ¥
o . ® ©) Us = Upwm ~ (uth + rd's), (15)
. . . . . . . where the term in brackets repre-
Fig. 8. The six possible locations of the Fig. 9. Trajectoriesiy, of the average ts the | t It t
sector indicatosedig); the dotted lines in- stator voltage vector as influenced by S€N'S the inverter voltage vector

dicate the transitions at which the signs of the inverter nonlinearity (switching har- Ui,y This vector reflects the respec-
the respective phase currents change monics excluded) tive influence of the threshold volt-



square wave like, stepped waveforms. The voltage steps are
proportional touy,. The fundamental components are deter-
mined by fast Fourier transform [2].

The differential resistance of the power deviegsn (15),
establishes a linear relation between the load current and its
influence on the inverter voltage. Functionally, it adds to the
resistanceg of the stator windings and hence influences also
upon the transient stator time constant of the induction mo-
tor, and on the design parameters of the current controllers.
inverter model The value (s+rg) is estimated by one of the on-line tuning
methods described in Section 4.

Fig. 10. Motor control with linearized PWM inverter ] ] ) ]
2.4.4 Stator flux estimation employing a pure integrator

ages throughug, and of the resistive voltage drogis. A According to (1), the stator flux vector is defined as the

signal flow graph of a motor drive using the linearized ifitégral of the stator induced voltage=Us—Tsis. As appar-

verter model (15) is shown in Fig. 10. Apart from paramet8ft from Fig. 2(a), even minor dc components in the voltage

errors, the estimated stator voltage vecigrepresents the and current signals accumulate in the process of an open inte-
real voltage quantities at the machine terminals. It is fav&ration to form a substantial offset in the estimated stator flux

able thatli is not contaminated by the switching harmoni¢i1kage vector. A solution to this problem exploits the fact

that exist inug that the_ offset vector is unidirectional over a large time inter-
val, while the uncorrupted vectay rotates.
2.4.3 lIdentification of the inverter model parameters The signal flow diagram Fig. 11 shows the elements of a

The threshold voltagey, can be identified during self-com-dc offset estimator, highlighted by the lower shaded frame.
missioning from the distortions of the reference voltage vethe estimated stator voltage (15) serves as the input signal
tor u* [7, 8]. In this process, the components* and ug* of Us. The yectoﬂi of the induced voltage is integrated to form
the reference voltage vector are acquired with the current carsignal¥;. The components of this vector are subsequently
trollers injecting sinusoidal currents of very low frequendjmited in amplitude to the magnitude valég of the stator
into the stator windings. In such condition, the machine irfiux reference. A
pedance is dominated by the stator resistance. The stator volthe trajectory of the limited vect®; is not circular in the
ages are then proportional to the stator currents. presence of dc offset. Since its undisturbed radius e¢{Jals

Deviations from a sinewave of the reference voltages tiiatough the action of the stator flux controller, the offset com-
control the pulsewidth modulator are therefore caused by flements tend to drive the trajectory as a whole towards one of
inverter. They are detected by substracting the fundamettit& % -boundaries, which makes a clearance appear from
components from the reference voltages, which then yieltis respective boundaries at the opposed sides. Fig. 12 shows

an oscillographed example. It is seen that the offset makes

55 ™ the average values of the flux componefts and¥g non-
= 38 . @s  zero. In particular, we hav&4, min *+ Y20 max/2 < 0 and
" "_1 (Y28 min + Y28 max/2 > 0 in this example. Hence a contribu-
N N i N -
uS u| \ l/IS 615 l’/}5=
_ —1 ™~ ;ZL(wlocmaX'leocmin)
~ *
a

ac | ) |—‘.'6 Y% T SR R E R .
g—f}—o- I N
ac disturbance estimator wlB Uoff Ati T

A
aoff 0 L k} 4 #%(lplsmax“plﬁmin)

- ~ 1/}2 GoffAT k T
Vi / kg W T
H1 7~C Eqn s | /7, ] St
— " * *
* dc offset estimator I—hmin,tmax Uoff _l/}s 0 ~ '//S

Y%

Fig. 11. Stator flux estimator using a pure integrator; separ&ig. 12. Recorded trajectory of the vechQrshowing the effect of
estimators are employed for dc offset and ac disturbances uncompensated offset



/A To complete the stator flux estimator Fig. 11, a rotor fre-
S quency signady, is derived from the condition for stator field
o condition for stator field orientation orientation [2]

O,dg O ,
Isng?+'qH:err(ws_ds'd) (17)

which then permits calculating the mechanical speeoas
wg— oy In (17),7/ = oz, is the transient rotor time constant
ws Om ando = 1 —I2/ld, is the total leakage coefficient. A signal
flow graph of the speed and rotor frequency estimator is

Fig. 13. Speed and rotor frequency estimator shown in Fig. 13.

A . 2.4.5 Compensation of residual estimation errors
tion g o¢ to the offset voltage vector can be estimated from . . . . .
o Exact modelling of the PWM inverter is further impaired

the displacement of the flux trajecto¥ as : o .
P ) Y by a variety of additional effects. One is related to the phe-
i :i(,/; +U, ) (16) nomena that occur when the fundamental components of the
off At = at \"2max T T2min phase currents reverse their directions. The exact point of zero

where the maximum and minimum values in (16) are thosec@ssing is ill defined in the presence of switching harmon-

the respective componenits,, and ‘/’2[3 andAt is the time 1€s.- When a particular phase current reverses, the voltage er-
difference between two zero crossingd¥efand thus defines fOF caused by the dead-time effect changes its sign and thus
half a fundamental period. counteracts the tendency of this current to flow in the intended

Due to the nonlinear distortion of the trajectory\?lgf the direction. The situation is even more complex as the super-

algorithm (16) is only an approximation under the conditioff@Posed switching harmonics establish repetitive changes be-
shown in Fig. 12. To improve on this, the sigigk ¢ is tween positive and negative current flow as illustrated in Fig.

low-pass filtered and fed back to the input of the integrator & Dead-time error compensation schemes fail to operate
as to cancel the offset componenfijnThe input of the inte- ProPerly. _ .

grator then tends towards zero in a quasi steady-state, whichnother effect superimposes at current zero crossing: The
makes the estimated offset voltage vecigg equal the ex- respective bridge arm remains opgn—c[rcur[ed once the cur-
isting offset inli;. The trajectory 0@2 becomes exactly cir- rent has come to zero, and the estlmatlon' of the corrgspond-
cular in this condition which ensures a precise tracking of thg Phase voltage is subsequently lost. Itis then the induced

offset voltage vector. The response time of the offset estinfg!t@ge of the machine that appears temporarily at this phase
tor is not at all critical since offset drift is mainly a thermdfrminal. Estimating the exact stator voltage vector from the
effect, and hence the dc offset changes very slowly. command value of the pulsewidth modulator then becomes

With all dc components removed from the estimated iflifficult. _ _ _ _
duced voltage, the stator flux linkage vector can be obtained N€ Z€ro crossing effects in total produce distortions of the

by pure integration as per (1). The scheme avoids the iBsimated flux vector signal that are dominated by multiple
six harmonics.

speed estimation error and the bandwidth limitations assdli: s .
ated with the low-pass filter approximation (2). As the signal level of the induced voltage reduces at low
speed, also data acquisition errors become significant [8]. The
current transducers convert the machine currents to voltage

signals that are digitized by analog-to-digital (A/D) convert-

ers. Parasitic dc offset components that superimpose to the
0.5 lsa] L : log signal ff Ki

_,"”"W he /\;:\,W @ analog signals appear as ac components of fundamental fre-

isas ” " M quency after their transformation to synchronous coordinates.
isg 0 / % H-H Unbalanced gains of the current acquisition channels map

T \M ™ a circular current trajectory into an elliptic shape. The magni-

W«-’T@' T 'N""m. 3 VW\/ tude of the current vector then varies at twice the fundamen-

-0.5 1—' 0 10 oo tal frequt_ancy. _ _ _ o

L t —w. Ms All residual estimation and signal acquisition errors gener-
0 40 80 120 160ms ate ac disturbances of fundamental frequency and higher. An

t— efficient way to minimize their impact on the estimated flux

Fig. 14. Measured stator current waveforms to illustrate the Ze¥gctor IS adju§t|ng the radial gomponenﬂ'gtlose to its ref- .
crossing effect erence valud; by fast proportional closed loop control. This



3.1 Full order nonlinear observer

2 Y,
N T NS AN i) e Sﬁ/)(\ /7(\ A full order observer can be constructed from the machine
Yo wsﬁ 0 / \)U N 7 \ %/ \B( equations in stator coordinates
- | i g s oo K - jowmT, ¥, s 1y (21a)
~ T 10_3 m@!mw -t 9 dr s 5Ty meraer g s
Uaco, 0 —‘ ”M‘ W v 1V} ) )
A W Trgp * ¥ = 1omT ¥ + s (21b)
O 1% 1 r
ac 0 ; W wheretg' = olg/r 4 is a transient stator time constant=|,/r,
Uncp is the rotor time constant, ang =rg + k/2r, is an equivalent

e

20 resistance, anll, = I/l is the coupling factor of the rotor.

Equations (21) are visualized in the upper portion of Fig. 16.

Fig. 15. Measured components of the high-frequency disturbanIQ? model outputs are the estimated yaigemd% of the
stator current vector and the rotor flux linkage vector, respec-

leaves the tangential component —the field angle — unaffectt'v\a/ ly.

and thus does not interfere with the correct operation of the dding an error compensator to the model establishes the

. : abserver. An error vectatig = ig —ig is computed from the
estimator. In a favorable manner, a tangential error converts S™'S 'S P

to a radial error after a quarter revolution of the flux vectg}mdeI current an_d th_e measured machine currel_ﬂt. Itis used to
and is then eliminated generate correcting inputs to the electromagnetic subsystems

The ac disturbance compensator shown in the upper sh ! 8& reprets_ent thfet;ta;olrl an(;j thebrotor n thethmachlrlet;"_no:etlj.
frame in Fig. 11 generates the high-frequency sigigato € equations of the Tull order observer are then establishe

serve this purpose. The oscillogram Fig. 15 shows that { eaccordance with (21). We have
components ofi,, although very small in amplitude, exhibit, dfs N
dominant 6th-order harmonics as predicted, and other hierF“S
frequency noise in addition.

Considering all compensation signals, the defining equa- 7,
tion of the stator flux estimator in Fig. 11 becomes d

Kubotaet al. [9] select the complex gain fact@g®) and
G(®) such that the two complex eigenvalues of the observer
A1 2 obs= K*A1 2 mach WhereA; > macrare the machine eigen-
values, ank is a real constant. The valuelof 1 scales the

0 10 30 50s

N | -
=2 (1= jOmT ¥+ Us —Gs@n)4is (22a)
loTr lo

% - - .\
l;.,.l//r = jQnt Y +lis -G (@) dis  (22b)

'ps :I(as - Fs;is - lAjoff - l]ac)dra (18)

where the dc offset voltage vector is obtained from (16)

(e = ki (a -0 ) (19) observer by pole placement to be dynamically faster than the
off T1-[ off At~ Foff machine. Given the nonlinearity of the system, the resulting
and the estimated ac disturbance vector is ‘ ‘
5 (ke/tsm)
- ~\ i3S ol
G = ko~ U5)el® (20) i e
Us| Is
wheres° is the estimated stator field angle. o] 6_'. e;
3. QLOSED LOOP OBSERVERS at
stator
The accuracy of the open loop estimation models described
in the previous chapters reduces as the mechanical speedsrl - )
duces. The limit of acceptable performance depends on ho Al
precisely the model parameters can be matched to the corre :le(&)m) Gi(@
sponding parameters of the actual machine. It is particularly, ggr%rpensamrQ
at lower speed that parameter errors have significant influ- N ‘
ence on the steady-state and dynamic performance of the driv[o) s X]
kizif
system. = [

The robustness against parameter mismatch and signal noise
can be improved by employing closed loop observers to esti-
mate the state variables, and the system parameters.

R 1 0
A .
speed adaptation ‘

Fig. 16. Full order nonlinear observer; the dynamic model of the
electromagnetic subsystem is shown in the upper portion
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E—
stator winding
Fig. 17. Improved speed adaptation scheme using a load tor. @m) Gi(om) -
estimator r{} Ai -|'s.
F IS IS

complex gainGg(@p,) andGy(@y,) in Fig. 16 depend on the

estimated angular mechanical spagﬁl, [9]. Fig.18. Sliding mode observer:
Maes and Melkebegltopose scaling only the real parts ok 4 t,nctions aré, = ¥ = @ —ol i/, Fp=ig= @ —k I )ol
. . . . . ! r S S rn F2=1s s—™7r S
the eigenvalues while leaving the magnitudes of the imagi-
nary parts unaffected [10]. This accelerates the contribution ) i i i
of the slower eigenvalue and thus contributes to improve fifg'dent of a speed or slip frequency signal. Finally, the sig-
error convergence rate. The other pole, having already a El} Y serves to estimate the stator current veiger (¥ -

magnitude, is less amplified which gives better noise immu- r )/ols. . : .-
nity. The current error vectddig is used to define the sliding

An estimated speed sigriak, is required to adapt the rotorhyperplane of the sliding mode compensator. The magnitude

structure of the observer to the mechanical speed of the fzN€ estimation errcis is forced to the vicinity of zero by

chine. The signal is derived from the current etigthrough a high-frequency nonlinear switching controller. The switched

a Pl-controller. In fact, the tert x Aid, represents the torqueCOMPlex signal is directly used to exert a compensating influ-
gce on the machine model. The robustness of the sliding

error AT, If a model torque error exists, the modelled spes ;
signal @, is corrected by the PI controller in Fig. 16. Thgwde approach ensures zero error of the estimated stator cur-

phase angle o¥, then approximates the true field angle €Nt The complex gain8g(@m) andG(@m) in Fig. 18 de-
the machine, and correct speed estimation is obtained. P€Nd on the estimated angular mechanical spggdor al-

The dynamic performance of the speed adaptation sysf&fpatively on its reference valagy, [11]. The complex gains
improves if a load torque estimator is implemented. The sgft" P€ even made independentxf, i.e. constant, which is
nal flow graph Fig. 17 shows an example [10]. In addition Ryved to the high effective gain of the sliding mode. With a

the speed adaptation scheme of Fig. 16, an estﬁ’naﬁathe stator resistance identification scheme included similar to the
load torque signal is used to compute ,the acceleréggg one in the lower left of Fig. 16 (discussed in Section 4.1), the
torque, thus forming an improved speed signal. authors have operated the drive system at a minimum speed

Different control schemes using closed loop observers QFES rpm (0.002 p.u.) with nominal load applied.
reported to operate at a minimum speed of 0.033 p.u. (50 rpm)
[9], or at 0.019 p.u. (28 rpm), respectively [10].

4. PARAMETER IDENTIFICATION

The important information on the field angle and the me-

3.2 Sliding mode observer chanical speed is basically conveyed by the induced voltage

The effective gain of the error compensator increases whaérihe stator winding, independent of the respective method
a sliding mode controller is employed for observer tuning. that is used for sensorless control. The induced voltage
contrast to the implementations previously discussed, the= ug — rgig is not directly accessible by measurement. It
method proposed blascu et al.[11] completely avoids a must be estimated, either directly from the difference of the
speed adaptation scheme. Instead, the rotor equation is tremg-voltage space vector termgandrgig, or indirectly when
formed to synchronous coordinates as shown in the signal flamobserver is employed.
graph Fig. 18. An estimated rotor field andleis used for  In the upper speed range above a few Hz stator frequency,
this purpose, being derived from the stator model as the arthe resistive voltagesis is small as compared with the stator
ment of a first estimat¥, = (¥ — olgig/k, of the rotor flux voltageus of the machine, and the estimationwfcan be
linkage vector. The rotor model then produces a second egsérformed with good accuracy. Even the temperature-depen-
mate'/lr" of the rotor flux linkage vector. As field orientatiordent variations of the stator resistance are negligible at high-
is assumedl?/rq = 0, the motion term g, 7, ¥ of the rotor er speed. However, the small influencergimakes it diffi-
model becomes obsolete. This makes the rotor model indel to identify this parameter at higher speed.
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i T . s gral serves as a tuning signal that adjusts the stator resistance
4 value until the two current vectors coincide. The signal flow
structure is indicated in the lower portion of Fig. 16. The iden-
tification delay of this method is reported as 1.4 s [13].

Us a5
'sfifis . N ;e()%glgasmvity 4.2 Resistance identification by model reference adaptation
. This method exploits the well defined relationship between
lgmin the field oriented components of the stator current at constant
0 — flux [14]. Fig. 19 shows that, for a given value of the torque
low sensitivity at light load ld current componen, the field current componery varies

as a function of g,

This permits defining a model reference adaptive system
(MRAS) for thed-current component. The machine equations
are derived in a stator flux oriented reference frame, hénce

Fig. 19. Loci of the stator current vector at varying stator ress¥sq = ¥s. The following equations hold [2]
tance
av,

TFTTS +Vs = —w Trolgig+ Trcls((jjl—? +1gig (23a)
As the stator frequency reduces at lower speed, the stator di

voltage reduces almost in direct proportion, while the resis- 0=-0w,T,(¥s—olgig)+ Tr"'s(T? +lsiq (23b)
tive voltagergig maintains its order of magnitude. It becomes
the significant term at low speed. It is particularly the statetherelg is the stator inductance, anmgl is the rotor (slip)
resistance g that determines the estimation accuracy of tfieequency. Equations (23) simplify at steady-stetédr = 0,
stator _flux vgct(_)r. A_c_orrect initial vglue of the stator_ resis- Y =~ Trolsig +lsig (24a)
tance is easily identified by conducting a dc test during ini-
tialization [12]. Considerable variations of the resistance take lsiq = @, T, (Vs — olsig) (24Db)
place when the machine temperature changes at varying load.
These need to be tracked to maintain the system stable attn)\ﬁ permitting to eliminate the rotor frequenny
speed. A lsolg 2 L s
A R R (T A (29)

4.1 Stator resistance identification using an observer

An observer-based parameter identification scheme utiliZ€ result indicates that thitaxis current has a defined
es the fact that the load dependent steady-state locus of fg@nitude at any given excitation and load, expresse#; by
stator current vector, thileylandcircle, is independent of andig, provided that correct stator field orientation exists. As
the stator frequency. However, tHeylandcircles reduce in (25) does not depend on the stator resistance, it is used to
diameter and displace towards the imaginary axis as the §gfine the valuéq" as part of theMRAS system shown in
tor resistance increases. An existing differeAée= ig — i Fig. 20. The adjustable model, by virtue of its tunable stator
between the measured and the estimated stator current vé&@gtance valués, is the drive system itself. The-axis
at given nonzero load then indicates a stator resistance eff@fiponent of the measured stator current vector is deter-
The phase displacement betwaégandi, expressed by themined and compared with the reference curighdefined

internal productige i, is used as the error indicator; its inte?y (25). Fig. 19 shows that a deviation between the current
components is due to a misalignment @fAdjustingfg can

therefore serve to determine the erogin Fig. 20. A proof

5S i Aig : £ of convergence is given in [14]. The machine paraméters
gld _=?—> 5‘3;?5”; —> and olg as functions of the load are determined by self-
ig commissioning [12].

The sensitivity of this identification scheme is low at light
load, which is apparent from the graph Fig. 19.

reference model

4.3 Resistance identification based on reactive power

An identification algorithm that combines good no-load
sensitivity and fast dynamic response relies on the orthogo-
nal relationship in steady-state between the stator flux vector
and the induced voltage [8]. The inner product of these two
\WEtors is zero:

=>{ [ X2+y?

<

S

Fig. 20. Stator resistance estimation by model reference adaptl
control;N: NumeratorD: Denominator
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Vo (q) - Ui = Vs (@) o (0 ~Feig) = 0. (26)

The stator flux vector in this equation must not depend on the
stator resistances to facilitate the estimation of. An ex-
pression¥{q) is therefore derived from the instantaneous
reactive powenq = ug X is|z, which notation describes ttze
component of the vector product of the stator voltage and

current vector. 5S Y =1
The rotor equation in terms @f and ¥y is derived in syn- R pv X
chronous coordinates A(®) < ]
dig . . . 101 . Cy 1 08 %
Ty o tig= —juytgligt— 5 —joW¥s +——U 27
s dr s JWr T s rg Oz, JW's rg O (27)

were 75, = oldrg, andrg, = (g + Il;-1;). Equation (27) is Fig. 22. Stator resistance estimator based on reactive power
then externally multiplied by the vecty from which

. dig . . - 14
Ug Xig—olg—> Xig —jwyolgigXig= o - . - . -
0o dz (28) R 2V e ) sin(y-9) 0)
:Dia)—r—r%//s><iS S i s is
is obtained. This operation eliminates the stator and the rotol'9 the geometrical relationships
resistances from (27), where these parameters form part of 9 R
7gr. Taking thez-component of all terms in (28) and assum- Y :tan(y—é) (31)
ing field orientation¥sq = ¥s and¥sq = 0, we have %
. . dig . d and
A (Uq'd‘Ud'q)‘wrcls'sz+5|sﬁqﬁ"dd7?§ A .
V() = : Usy = Ui cos(y - 6), (32)
-
Wig* T, (29) which can be taken from the vector diagram Fig 21. We have
furthermore in a steady-state
The stator flux value thus defined does not depend on the N s
stator resistance. Ui = s ¥s(a)- (33)

To reduce the on-line computation time for the estimationTpe signal flow graph of the identification scheme is shown
of rs, (26) is transformed to a reference frame that aligns Wikhrig. 22. The estimated stator resistance value from (30) is
the stator current vector. The current reference frange (passed through a low-pass filter. The filter time constant
frame) rotates in synchronism and is displaced with respget 1t/ wsr is about 100 ms.
to stationary coordinates by the phase angte of the stator
current, as shown in Fig. 21. We hav&) = i{S)-exp(-jy)

and consequent- . ¢ 0057 [T 1= T %

. . s A I Is AT rg
ly isx = is and @ 77777777777777 (t:} 7777777777
isy=0. Of the su- 0 () LA
perscripts(S) re- 1 _ \}J | Tiq
fers to stator co- iq¢ [ [ [ = i
ordinates anéC) 0 bttt - e

refers to current - n I 1 L
coordinates. 5¢ 01 i Al T OW A

The estimated _nJ """ L‘U ' wsﬁ‘lj \\]’\/\/\\/\/
value of the sta- E: i
tor resistance is 0 2 4s 0 2 4s

Fig. 21. Vector diagram illustrating the Obta'_ned as the @ t— (b) t—
estimation of the stator resistance; F: sta- solution of (26)

tor field coordinates, F estimated stator in current coordi- Fig. 23. Step change of the stator resistance; (a) at noload and
field coordinates, C: current coordinates ,oiag zero stator frequency with subsequent nominal torque step, (b) at
x,y), 30% rated load
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Fig. 24. Constant speed operation at 5 rpsp, € 0.003), with Fig. 26. Persistent operation at zero speed; a step response proves
load step changes of rated magnitude applied that correct field orientation still exists after five minutes

. . 5. FERFORMANCEOF MODEL BASED CONTROL
The oscillogram Fig. 23(a) shows the response to a ste

increase of the stator resistances to 125% of their nominal "€ following oscillograms taken from an 11-kW experi-
values, applied at= t; at no-load and zero stator frequenc;ﬂ‘enta' drive system demonstrgte the IQW speed performance
The new value is identified after 250 ms. A nominal torq¥ Sensorless speed control using the inverter model Fig. 10
load step is subsequently applied at t,, producing a fast and thg stator flux estimation schgme Fig. 1'1. Vgry low speed
and well damped response. This indicates that the correct€ration aiwy = 0.003 (5 rpm) is shown in Fig. 24. The
sistance value was identified. Note that fast identificationq¥Namic performance is tested by repetitive torque step chang-
important as the stator resistance may change while opef&t°f nominal amplitude. The transient speed excursions are
ing for an extended time interval at higher speed. Such cha;&g;@%“ned to around 2% of nominal speed. The recording Fig.
are difficult to track as the resistive voltage is then a v §|Ilustrates_ closed Ioop control at zero speed ref_erence. The
small fraction of the stator voltage; only when the speed f8d torque is reduced in steps from 120% nominal to zero

duces cang be identified. An erroneous value must then gead. The respective values of stator frequency are indicated
immediately corrected. at the top of the graph. Steady-state operation at zero stator

Fig. 23(b) shows the response to a step change of the Stféf&uency is reached when the load torque has reduced'to Zero.
resistances, appliedtat t;, while operating at very low speed,':'g- 26 demonstrates that zero stator frequency operation can

o = 0.01000.5 Hz, and 30% rated load. The estimated fiehe maintained for a longer period of time. It is obvious that
angle is in error as long &sadjusts to its new value, as indithe estimatign of offset drift must be sus_pe.ndec_i at zero stator
cated by the temporary increasei of frequency since a dc offset cannot be distinguished from the

dc fundamental variables. Instability must be therefore ex-
pected should the dc offset change. Ongoing research aims at
s - 0.02 0015  0.006 0 improving the low-speed stability at regeneration.

6. FENSORLESSCONTROL THROUGH SIGNAL INJECTION

f or 1 i 1) Signal injection methods exploit machine pr'operties that
3 01 VWW WWWWV %7‘7‘ are not _reprodgced by the fundame_ntal ma_chlne mod_el de-
! e ! scribed in Sections 2 and 3. The injected signals excite the
1 1+ fttrt s o 3 machine at a much higher frequency than the fundamental.
g, 0 Vi me\L‘ EuE—— The resulting high-frequency currents_generate flux linkages
1 i that close through the leakage paths in the stator and the ro-
1 ’Tq] tor, leaving the mutual flux linkage with the fundamental wave
f 11 . \ A= ] almost unaffected. The high-frequency effects can be there-
iqg 0 : fore considered superimposed to, and independent of, the fun-
damental behavior of the machine. High-frequency signal in-
0 10 20 30 40 5S0s jection is used to detect anisotropic properties of the machine.

t —
. 6.1 Anisotropies of an induction machine
Fig. 25. Closed loop control at zero speed reference; the Ioagj p . .
torque reduces in steps from 120% nominal to zero A magnetic anisotropy can be caused by saturation of the
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ul mains +T— bar pitch, and, if applicable, the angular position within a fun-
ia / — = damental pole pair of a custom designed rotor. The response
\i eld PWM |~ to an injected high-frequency signal necessarily reflects all
5 - — ' Up To— anisotropies, field-dependent and position-dependent. While
~ L LPF U intending to extract information on one particular anisotropy,
is L D @ is L the other anisotropies act as disturbances.
v BPF 6.2 Signal injection
|A The injected signals may be periodic, creating either a high-
- frequency revolving field, or an alternating field in a specif-
{}ic ic, predetermined spatial direction. Such signals can be re-
@c : 2 | ||l identifi- =&zm ferred to as carriers, being periodic at the carrier frequency
1 cators > 9 with respect to space, or time. The carrier signals, mostly cre-
ated by additional components of the stator voltages, get mod-

. _ S ~ulated by the actual orientations in space of the machine
F]!.g' 27. Cfurre_nt control Eystem andelgn.al '“le%t'O” for the ideRmisotropies. The carrier frequency components are subse-
tification of anisotropies by means of an injected carrier quently extracted from the machine current waveforms. They

. ~are demodulated and processed to retrieve the desired infor-
leakage paths through the fundamental field. The spatial Qfiztion.

entation of the anisotropy is then correlated with the field an-,qtead of injecting a periodic carrier, the high-frequency

gle 6, which quantity can be identified by processing the rggntent of the switched waveforms in a PWM controlled drive
sponse of the machine to the injected signal. Other anisoiostem can be exploited for the same purpose. The switching
pic structures are the discrete rotor bars in a cage rotor. Biyhe inverter produces a repetitive excitation of the high-
ferent from that, a rotor may be custom designed so as 10 £Xgency leakage fields. Their distribution in space is gov-
hibit periodic variations within a fundamental pole pitch qf. o4 by the anisotropies of the machine. Measuring and pro-

local magnetic or electrical characteristics. Examples are V%@'ssing of adequate voltage or current signals permits identi-
ations of the widths of the rotor slot openings [15], of ti}9mg their spatial orientations.
depths at which the rotor bars are buried below the rotor sur-
face, or of the resistance of the outer conductors in a doub& Injection of a revolving carrier
cage, or deep bar rotor [16]. Detecting such anisotropy serves polyphase carrier rotating at frequenmy can be gener-
to identify the rotor position angle, the changes of which agged by the voltage space vector
used to obtain the shaft speed. )

Anisotropic conditions justify the definition of a coordi- Ug = Ug @19, (34)
nate system that aligns with a particular anisotropy. Cons\i/v'ich is added to the controlling voltage of the pulsewidth
ering the case of saturation induced anisotropy, the maXimH\rgdulator as shown in Fig. 27. The interaction with the
flux density occurs in thd-axis of a field oriented Coordinatemachine anisotropies produces a space végtof carrier
.SyStem' The fur_1damenta| field sqturat.es the stator_and r_?Fgauencywc, appearing as a component of the measured
iron in thed-region, there producing higher magnetic "€S¥tator current vectol,. It is separated by a band-pass filter
%tﬁF from the fundamental curremg; of lower frequency,

in the conductors around the saturagiexbgion excite leak- and from the switching harmonics of higher frequencies.

age fluxes having a dominatimgcomponent. The total leak-
age inductance componelgg, then reduces, while the com-
ponentlsq of the unsaturated-region remains unaffected. T
Such conditions lead igq <lsq in @ saturated machine. i
A more general definition of an anisotropy-related refer- )
ence frame locates ttokaxis at that location of the airgap ly=0.27% 0.005
circumference that exhibits the maximum high-frequency time \ i5=0.22%
constant. This associates ttt@xis with the maximum total / iqor = 0.069%
leakage inductance, or with the minimum resistivity of con-
ductors on the rotor surface. Z
There is generally more than one anisotropy present in an / \ \0 sy wc o
induction motor. The existing anisotropies have different spa-
tial orientations such as the actual angular position of the fun-
damental field, the position of the rotor bars within a rotfig. 28. Amplitudes of the spectral components from [15]

1
0.008 ‘T. H
Hip=72%

/Il

—wc —Wct20m —oct Nip®m o —=
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A single anisotropy having one spatial cycle per pole pitsecond space vectgythat rotates at the angular velocitss
is typical for saturation effects, or for a custom designed ma-2wy, i.e. in a negative direction. The latter component
chine. Such anisotropy is characterized by a total leakagedonserves the angular orientati@gz of the particular aniso-

ductance tensor tropy.
i 00 Fig. 28 shows an example of the respective current ampli-
|G(X) — Dcd 0 (35) tudes, obtained using a 250-Hz revolving carrier of 15% dc
DO lGOID bus amplitude. The induction motor under test has its rotor

slot openings modifed in a sinusoidal pattern with a maxi-
being defined in ay-coordinate systerfX) that rotates at myum to minimum slot width ratio of 5, [15].

wy in synchronism with the anisotropy under consideration.tpe spectral components are referred to the nominal ma-
The x-axis coincides with the region of the highest transieggine currentg. A negative sequence compongsit 0.22%
leakage inductance. This is the field axis of a saturated m@satyration induced, whilig = 0.27% results from unsym-
chine, whenw, = ws, or the real axis of a custom designeghetrical signal acquisition gains, angy,; = 0.069% is the
rotor, whenawy = o, component of the rotor slot anisotropy. Such small signals
To compute the response of the machine to carrier excigy| for special efforts to ensure that the low signal levels are
tion, (34) is multiplied byexp(—jwy), which transforms this gficiently reproduced when doing the analog-to-digital con-
equation toxy-coordinates. The high-frequency componeni{gsjon of the measured currents [17]. The same paper [17]
are then described by the differential equation proposes a particular stator current observer to alleviate the
. (X) loss of control bandwith caused by the lowpass filter in Fig.
0 = pl@cwdr Z ) o dic 36) 27 o
c c o dr The shaded areas in Fig. 28 mark the frequency spread when
the rotor speed varies between 0 and 0.1 p.u. The figures un-
derline the general difficulties of revolving carrier injection
_ methods: (i) the extreme low signal-to-noise ratio, which is
oo Cite lod +Icq)e+1(“’°_ @7 E around 103.in the example of Fig. 28, and (i) the poor spec-
e = 20 | gqleg E’(Iod o )e'j(‘“c— wX)TH tral separathn between th_e' usgful §|gg@,lt, and the distur-
q bancesd, andi,, as exemplified in Fig. 28.
which is subsequently transformed back to the stationaryRotating atthe frequency of the carrier signal, the trajecto-
reference frame ry (38) of the current vectag follows in fact an elliptic path.
The axis ratio of the ellipse I§y/lsq, @ close to unity value

which is solved fori.. Consideringw, >> wy leads to the
solution

(37)

i 9= ~jue that ranges between 0.9 and 0.96 [15, 18]. It is therefore dif-
¢ 2wclgglag ficult to identify the angular inclination of the ellipse and thus
(I +1 )ejwcr +(| - )ej(—wc+2wx)r] (38) determine the angular orientation of the anisotropy. A direct
cd ™ 'oq od ™ 'oq : : : .
extraction is problematic, as the characterizing components
=ip+ip in iy are very small, being superimposed by the larger posi-

) ] tive sequence current vectigy and contaminated by the ef-
The result shows the existence of a first current space Ve¢iQ} of other anisotropies and disturbances. Finally, all these
ip, rotating at carrier frequenay; in a positive direction, and gjgnajs are buried under the much larger fundamental current

is;, and under the switching harmon-

T ; ics [18].
stator | _ ‘ _ L mechanical subsystem | ~
coord™ | F@c-coordinates —a-j=— —-coordinates o 2 6.4 Estimation based on an injected
i ! ! i el - 5 revolving carrier
= n
ol elX X |[/ } Ml > DegnerandLorenz[15] use a dy-
_ _ —I namic model of the mechanical sub-
iff LA Ak' T Tg system of the drive motor to enable
— iyl | @) spectral separation. The machine ro-
! 2, tor has a custom designed anisotropy
o of one pole pair periodicity. The car-
rier frequency is 250 Hz.

A -

model of built-in saliency

Fig. 29. Speed and rotor position
estimator using a PLL for aniso-

slot effect model

tropy tracking

A signal flow graph of the speed and
rotor position estimator is shown in
Fig. 29. The input signal is the carrier
dependent space vectgrextracted by
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ifdh ifdl

Fig. 32. Components of the compensation profila one particu-
lar operating point, characterized by the respective vajiesdi

tive sequence curreirt. Both signals contain the same fre-
quencies sinc@ = [wydr. The phase displacemenb in

(39) compensates signal filtering delays, angl;, in addi-
position estimator tion, reflects the displacement between the two anisotropies
of the machine.

While the error signat =i, x is cl zero in
Fig. 30. Modelling and compensation of the saturation |nduced € the error signat = in s“('9)|Z s close to zero in &
anisotropy for a position estimation scheme based on the rotor Sig@dy-state, it becomes nonzero at any transient condition. It
anisotropy is fed to aPID controller which synthesizes an acceleration

torque signal to act on the model of the mechanical subsystem.
feedforward signal| representing the load torque improves

the band-pass filter in Fig. 27. It is first transformed tot timation d ics. It is obtained f te load
+w-reference frame in whicifb from (38) appears as a com- gdisl 'mation dynamics. [t is obtaned from a separate loa

plex constant. Its contribution is nullified through the feed” Th turation induced anisot tati . t
back action of an integrator. The remaining sigpabntains e saturation induced anisotropy, rotatingugf is no
modelled in this approach, which limits its application to un-

all negative sequence components. It is transformed ép-a — turated machines. Saturation and tom desianed anisofr
reference frame. This transformation shifts the frequency g urated machines. saturation and custo esigned anisotro-
les are difficult to separate sinag = wy,.

igin in Fig. 28 to -w.. The unbalance disturbance, now at fré :
g g N For this reasonfeske and Asheely on the rotor slot anisot-

guency zero, is compensated by an estimated vélg:toriu o L . .
exili,). The negative sequence componénenvert to pos- ropy for position estlmathn [19] while compensr?ltlng the sat-
itive sequence signals of frequencies,2andn, wp,, where uratlonteffectf.t,é\ satu(rjaltlor:j r;odel(;)f t?e machmet_ls us_ed tcl)
yp is the number of rotor slots per pole pair. generate excitation and load dependent compensation signals,
Using two anisotropy models in Fig. 29, a synchronizatlgﬁ) as to suppress the saturation induced disturbances. The pro-
signal posed structure is shown in Fig. 30. The carrier frequency
components. obtained from the system Fig. 27 are trans-
Sn(z§) :f ej(21§+¢2) +T ej(n,,,§+¢dot)_ (39) formed to -wc-coordinates. Subsequent low-pass filtering
yields the space vectqqthat comprises all negative sequence
is generated as a function of an estimated position ghglecomponentsig)qy, i sarand alsdy,.
being obtained from a model of the mechanical subsystem ofAn estimation of the disturbance veci%tls needed to
the drive. The model is shown in the upper right of Fig. 28ttenuate the saturation induced effects The vegigs mod-
The signak,(3) is phase-locked with the transformed neg&lled by the complex functioriig(isy) andf4(is), wherefy(isy)
generates the second spatial harmonic component,@gy)
the fourth harmonic, both referred to the fundamental field.

SZR)
Ee@:?

T 40° | ‘ Modelling higher harmonic components may be required,
A rotating carrier depending on the properties of a particular machine. The in-
(i) 20 put signal of the complex functions is the fundamental stator
————A currentig((F) in field coordinates. lts;-component charac-
0 - PWM terizes the mutual flux, and thgcomponent the load. Both
components control the saturation of the machine. The total
L disturbance vectoirgy is synthesized as the sum of its har-
-20 \ monic components, these being adjusted to their respective
phase displacements according to the actual angular position
-40 ¢ of the revolving fundamental field in the machine. The re-
-08 -04 0 04 08

spective function$y(igq) andf,(igy) for a particular machine
are determined in an off-line identification process [19].

Fig. 31. Phase displacemeti(i,) between the identified orien- N addition to the saturation through the magnetizing field,
tation and the field axis for different types of transient excitatio@ load current dependent phase displacemeéiit;) exists

lg—
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~ “ iON 5 5. O
isiot = isloteJEI P ? ¢g0tD- (40)

is not much distorted. This could permit replacing the com-
plex and parameter depend@mt structure in Fig. 29 by the
simple calculation of the phase anglef%t from (40) as
illustrated in Fig. 30, [24]. However, to obtain a speed signal,
the rotor position signal must be differentiated. This ampli-
fies its residual noise, for which reason the PLL approach
appears preferable [25].

Current publications on revolving carrier methods show that
numerous side effects require the signal processing structures
to get more and more involved, while the dependence on pa-
rameters or on specific off-line commissioning procedures per-
sists.

Fig. 33. Vector diagram showing the injected ac cartiem  consoliet al. propose a different approach which is de-
different reference framesggy: fundamental current, F: field ori-

ented frame, Festimated field oriented frame, S: stationary frameFf1P€d in [26] as modulating the saturation level of the air-
gap field by a high-frequency revolving carrier. As high-fre-

quency fields tend to develop in the leakage paths, the leak-

between the identified orientation and the field axis. Accordge inductances being affected by the main field through sat-
ing toCaruana[20], this displacement depends in the type @kation, an unbalance of the phase leakage voltages carries
transient excitation. The curves in Fig. 31 illustrate the efe information of the field angle. The unbalance of the leak-
fect. The comparatively low frequency of a revolving carrieige voltages reflects in the zero sequence component of the
gives more sensitivity to the torque currégthan the high- stator voltages. This quantity is measured as the voltage dif-
frequency components of PWM waveforms (see Section 6f@fence between the midpoint of the dc link and either the
The effect is owed to different penetration depths into the ifeutral of the stator winding in wye connection, or the volt-
tor surface of the transient fields [21]. There is also a digge potential of an artificial neutral formed by resistors.
placement at no-load since the saturation anisotropy does nqthe carrier frequency is variable and chosen as
align with neither the stator field not the rotor field.

Another problem is the nonlinearity of the PWM inverter
which causes distortions of the machine currents. These dRRere o is the stator frequency anol, = 2r-500/s is con-
erate additional negative sequence current components gt [26]. Hence, according to (41), the zero sequence volt-
tend to fail the operation of the position estimator [22]. @ge maintains the constant frequemgy— ws. It is sampled
addition, the high-frequency carrier currents force the statarfour times the carrier frequency to ensure that its respec-
currents to multiple zero crossings when the fundamenggk maximum, minimum and zero values coincide with the

phase currents are close to zero. The effect, illustrated in fsigmpling instants. Deviations serve to control the carrier
14, causes disturbances that established methods for deadfiigtiency by adjustingog in (41). Integratingws finally

compensation [6, 23] cannot handle. yields the field angle.
Being time-discrete events, the current distortions are dif-The flux linkage magnitude is then determined from the

ficult to compensate in a frequency domain method. A fairfifagnitude of the zero sequence voltage using a precalibrated
involved off-line identification method was proposedTer

ske and AshgR2] which generates sets of time-variable pro-
files over one electrical revolution, one specific profile for Zcf
every operating point in terms of load and excitation level.
The profiles model the nonlinearity effect caused by the high-
frequency carrier signals of a particular inverter. An example Z,
is shown in Fig. 32. Such waveforms are defined in an off-
line identification process and retrieved on-line to reconstruct 72[*
the particular vectorj,, that fits the actual operating point
[24].

If the compensation of saturation effects, inverter nonlin-
earity and signal unbalance, represented by the respective vec-

torsisay ijny andiy, is performed with sufficient accuracygig. 34. impedance at carrier frequency vs. the circumferential
the remaining signal anglea in field coordinates;y: error angle

We =Wg T Wg (41)

T
- 0 a-—» T
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Fig. 35. Signal flow graph of a field angle estimation scheme

based on impedance measurements in quadrature axes Fig. 36. Torque controlled operation showing the dynamic perfor-
mance and demonstrating persistent operation at zero stator fre-
quency at 150% of rated torque; reproduced from [27]

saturation table. Also the stator currents can be estimated from

available state variables, which then eliminates the current

sensors. The method is demonstrated to work well throudtg to the anisotropic machine impedance, the high-frequen-

out the low-frequency range [26]. cy currenti; develops at a spatial displacemgntith respect
to the true field axis of the machine, andyat (6 — J) with
6.5 Injection of an alternating carrier respect to the injected voltage.

Revolving carriers scan the whole circumferential profile When the machine is operated in saturated conditions, its
of anisotropies that exist in a machine. The objective isitopedance. at carrier frequencyy is a function of the cir-
determine the characteristics of a particular anisotropy witls@mferential anglex in field coordinates, as schematically
view to subsequently identifying its spatial orientation. Ashown in Fig. 34. The impedance has a maximum vajtue
alternative class of methods relies on injecting not a rotatitige d-axis, and a minimum valug, in theg-axis. Note that
but alternating carrier in a specific, though time-variable spg: depends on thital leakage inductance, which makes the
tial direction. The direction is selected in an educated guessimated field anglé represent neither the stator field an-
to achieve maximum sensitivity in locating the targeted anisgte, nor the rotor field angle. The fact carries importance when
ropy. Use is made of already existing knowledge, whichdssigning the field oriented control.
updated by acquiring only an incremental error per samplinglhe identification of thal-axis is based the assumption of

period. a symmetric characteristicy(+a) = Z(—). An orthogonal
] xy-coordinate system is introduced in Fig. 33, having its real
6.5.1 Balance of quadrature impedances axis displaced by ®4 with respect to the estimateehxis.

The approach dfla and Su[27] aims at identifying a field |tg displacement with the trukaxis is then 14 — 7).
angle while the machine operates at low or zero speed. Thene identification procedure is illustrated in the signal flow
principle is explained with reference to Fig. 33. The diagragpaph Fig. 35. The band-pass-filtered currigritom Fig. 27
shows the field oriented coordinate system F, which appegsgi also the excitation signalg are transformed try-coor-
displaced by the field angieas seen from the stationary refyinates and then converted to complex vectors having the re-
erence frame S. A high-frequency ac carrier signal of amplpective rms amplitudes and conserving the phase angles.

tudeu is added to the control input of the pulsewidth modiyom these, the complex high-frequency impedance
lator, written in field coordinates
(X) Uc(x)
.M =72, +jZ, = 43
c x Tty ic(X) (43)

ug ® = (uy +ug coswgt) + j Ug (42)
The time-variable voltage vectogg =Uscoswcr is shown in is formed which is a function of the transformation arﬁj#e

the left of Fig. 33. The signal excites the machine in ﬂ}&; as seen from the field oriented coordinate system in Fig.

direction of the estimatedtaxis. This direction may have any; . .- <tormation angle ism4 —7). Fig. 34 shows that
angular displacemerdt — & from the trued-axis, the location thé real and imaginary components i.n (4@ andZ.. re-
L] yl

of which is approximately known from the identification in %pectively would equal if accurate field alignmept= 0

previous cycle. . o .
. . existed. A positive error angle makesZ, increase, and.
The injected voltage (42) adds an ac componetd the d P gt X y

. T rease. Hence an error signal
regular stator currents of the machine, represented in Fig. gg g
by the space vectag, of the fundamental component. Ow- €=2Zy(y) - Zx(y) (44)
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field angled by an error angle,, and hence
5=5+y, (45)
The carrier voltage in stationary coordinates is
uc(s) = Ug COSw,T Eéjs (46)

A transformation to field coordinates is done by multiplying
(46) by exp(—). Referring to (36) yields the differential
equation

Sk di
udP = ug coswr @979 = | (P % (47)

The excitation at carrier frequency does not affect the fun-
damental machine quantities. The resulting carrier frequency
currenti. is therefore only determined by the anisotropic leak-
age inductance (35), as indicated in the right-hand side of (47).

The solution of (47) is

Fig. 37. The elliptic trajectories amg" andig, created by four 1 - 1 A 0
circular rotating space vectors; S: stationary coordinates , F: fIGl@( = . Snact g cos(0-9) + I sm(é—é)% (48)
coordinates, F estimated field coordinates c od 6q

The true field angl& in this equation is the unknown vari-

can be constructed which adjusts the estimated field ang@P!e- A multiplication by expg) transforms (48) back to

to an improved value using a Pl controller. Fig. 35 shows ti§itionary coordinates. The resultdS.

this angle is used for coordinate transformation. In a condi-T® 9&in an insight in the physical natureig?), the har-

tion of accurate field alignmenﬁ, ~ &, from whichy - 0 monic functions are expressed by equivalent complex space
follows. vectors. Referring to (45), the result can be written as

Measured characteristics from a 3.8-kW induction motor

. . -
show that the difference between the impedance valyes 1l =ig” + g, (492)
andZg is small when the machine is fully saturated [27]. Thighere
reduces the error sensitivity and thus requires carrier injec-
tion at high amplitude. The curves in [27] also show that the
symmetry ofZ. (o) may not be guaranteed for every motor.
An asymmetric characteristic would lead to estimation errors.

The oscillogram Fig. 36 demonstrates that closed loop folor = | == Stalor G MGiS =fmgm
torque control at zero stator frequency and 150% rated load coordinates
is achieved, although the dynamic performance is not opti uy -
mal [27]. Also noticeable is the very high amplitude of t E == PWM =
high-frequency current when the load is applied. It is there- - uf® 3
fore preferred restricting the use of an injected carrier only to ig LPF_ (Uc (9 Us
low speed values, as demonstrated in a practical application D 'd 3 [&l? s ®
[28]. g | o
6.5.2 Evaluation of elliptic current trajectories Dt elX oe{x} Is=BP(F> |A

The carrier injection methods so far described suffer from

certain drawbacks. We have the poor signal-to-noise ratio and
the parameter dependence of the revolving carrier methods, R
and the low sensitivity of the quadrature impedance method. (% s
Linke et al[29] propose the estimation of anisotropy char- o M
acteristics based on an interpretation of the elliptic current
trajectories that are generated by an alternating carrier signal.

The ac carrier voltage of this method is injected at an estig. 38. Signal flow graph of a field angle estimation scheme
mated displacement angde whered deviates from the true using an alternating carrier

field angle estimator
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T 2m 7 N ANEEEN NG ric additions over time of all space vector components in (49)
R N [ S [ N | define the locus of a straight line, inclined at the anglg;
¢ 0 1 with respect to the true field axis F. This circumstance per-
2 i mits identifying a misalignment of the estimated reference
? \\ NL TN N frame F.
5 R TN T The angular displacement — y,, between the locus, of
0 I the carrier current and the directiohd¥ carrier injection is
0.017 T determined by the quadrature comporiggt= Om{ic(F)} of
/\'\w Al (0 s—& lcinthe estimated reference frameg $hown in Fig. 37. The
s L—O.Ol;r signalicq is of alternating nature, the sameigsAn error
0 05 . 1s signal characterizing the displacement y,, is therefore ob-
tained by controlled rectification according to
Fig. 39. Measured signals obtained with the field angle estimation Ay =icq Sign(icy') (50)
scheme in Fig. 36, operated at 0.0804r (6 rpm); from top:
estimated field angle, estimation error, true field angle which holds for small displacement anglég Fig. 38 shows
the signal flow graph, [30]. The error signy is fed to a Pl
controller. Its output is integrated to create the estimated
iy gl g+ )ej(wcr+5) O field angled in a closed loop. Sinad/dz = wg, the integra-
jgt= e prodTied ) 0 tor output equalssg.
4wclodlog %(|Gd_|0 )ei(-wcf+5—2vu)g As the error signally gets minimized, botly; andy,, tend
. | to zero, andd - ¢. Field orientation is thus obtained.
=lp *ip (49D) The following features make this approach robust and sen-
describes the elliptic trajectory of a current vector that rotatilVe:
in a positive direction, and ¢ As in every carrier injection scheme, carrier demodulation
R must be done with reference to the injected voltage. Here,
_ m %ch +1gg@ @) B icd is used as a reference signal; this signal has passed the
0 inverter, the same as the error sng«al. As both signals

g =—c .
40|l sgloq O i(.T+6-2
croded D”( e ) 5 are subjected to the nonlinear distortions of the inverter,

(490) the disturbances compensate. The scheme does not even
require dead time compensation.
represents the elliptic trajectory of a negatively rotating cur-Both the positive sequence and the negative sequence car-
rent vector. Fig. 37 illustrates that the current componentsier componentsie’ andig , are exploited to compose the
(49b) and (49c) superimpose: both elliptic trajectories areerror signal. Their sum gives a better signal-to-noise ratio.
congruent. They are composed of current vectors that rotat€he dynamics of the speed and torque control system are
on circular trajectories, and in opposite directions. As indi-not impaired as the carrier signal does not appear in the
cated by (49b), the elliptic trajectoi’ that develops in a  torque building current componeigt Therefore, the mea-
positive direction decomposes into a positive sequence Cursuredg-current need not be low-pass filtered, as is required
rent Ve‘CtOfip+ and a negative sequence current vegidr  when a rotating carrier is used, Fig. 27. According to Fig.
Similar conditions hold for the trajectoiy , building upina 38, such filter is only provided for the compongqin the
negative direction and being composed, according to (49¢)excitation axis.

of a positive sequence current vecigr and a negative i 39 gisplays the measured waveforms of the true and
sequence currgnt vecty. the estimated field angles, measured at Odgy or 100 rpm,

Af; the true f'?ld_ gnglé may not be, exgctly known, the 8Gnd the estimation error, recorded from a 0.75-kW induction
carrier vqltage ',S injected at ",’1 spgﬂal d|splacerp@rfrom motor [30]. Using carrier injection, a field angle signal of good
the trug f|§ld axis, (45). Th.e pllre.cnon of thg carrier voI'FégeaccuraCy can be also obtained at zero speed, although its rip-
* yycoincides W't,h the Faxis in F!g. 37. megto the an',SOt'pIe content could be an undesired disturbance. The ripple in
ropy of the rngchlne, the ac carrier currPcr.dewate:.; spatial- Fig. 39 originates from other anisotropies of the induction
ly from the injected voltage. It develops in the directibh motor. Its disturbing influence can be eliminated by using a

7i» where fi| 2 [y, |. This means that the elliptic trajectories qfyo e field angle signal for parameter tuning of a funda-
4 o . _ o
the current space vectas™ andig™ take their spatial orien mental machine model or observer [31].

tation from the existing anisotropy, not from of the direction
in which the carrier signal is injected. 6.6 High-frequency excitation by PWM switching
The vector diagram Fig. 37 demonstrates that the geometrpe switching of a PWM inverter subjects the machine to

ch_lcq)

In
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Fig. 40. Anisotropic, saturated rotor causing the transient current
derivative di,/dr to deviate from the direction of the exciting
switching state vectar

Oe—
repetitive transient excitation. Other than the fundamental
guantities, the transient flux components, owing to their high-
frequency content, do not penetrate sufficiently fast through
rotor surface to establish mutual flux linkages. These flux@sg. 41. Loci of the vectordi (s, §)/dt at transient excitation in

instead, create only separate linkages with the respective §@-directions of the three phase axes, (locked rotor, origin sup-

tor and rotor windings, thus contributing to the total Ieakagéifgfsd); the superscripts indicate the the exciting switching state

flux. A detailed study [21] shows that the fundamental flux

density wave in any given operating point and the transient

leakage fields that result from an additional step-like excita-Accurate position estimation is only required at very low
tion can be separately analyzed, provided a linearized magspeed. Changes with time of the inductance tensor are then
netization curve is assumed. The total flux linkage distribu-small which permits neglecting the tefgdl;/dz in (53).

tion is then obtained as the superposition of the fundamentafhe conventional model of the induction motor assumes
and the transient component. the leakage inductances of the three phases as balanced. This
In accordance with these results, the following analysis ¥glance is disturbed in the presence of machine anisotropies,
fers only to the transient leakage fields. These are represgRfing rise to different leakage inductance values in the re-
ed by the space vector of the transient leakage flux linkaggsective phases. The space veotpof the transient voltage
Yourr = loiyr (51) component then produces an excursion of the vegtar a
spatial direction that differs from that of the vectgr This
whereiy, is the current component produced by a voltagdaenomenon requires representing the leakage inductance in
transientuy,, andl is the tensor of the total leakage indud51) and (53) by the tensty instead of the customary scalar
tance (35). The stator resistance is neglected. In the evertagfficientl;.
an inverter commutation, the transient stator voltage compodo study the effect, a homogeneous rotor, but saturated in
nent a fixed angular positiod, is considered as shown in Fig. 40.
A transient currerit, () results from the turn-on of the switch-
ing state vecton,. Sincerg= 0, alsaug; = 0 in (52) andill;/dz
= 0 sincé is constant. Then, multiplying (53) by the inverse

Uy = Us~Ug (52)
produces a change of the leakage flux vector

dwotr — -0 —y | -1(9 - 1
dr o dr dr ~ ¥ ° lod g

which adds to the fundamental compon¥gi. In (52),us; 01 10 10 . ox O

is the fundamental stator voltage associated to an assu log + | ) 2 (I"d I"Q)COS% 2 (I"d I"Q)sza%

steady-state condition that prevailed before the commutat . 1 1 O

o 5o (lod ~loq)n25 5 (log +1oq) + 5 (loa ~log) 0SB 5
The follpwing con.ditions are'introdgced to simplify they e leakage inductance tensor yields

mathematical analysis of the anisotropies:

» Of the productdi; (2, d)/dz in (53), only the components ditr(l)
in the direction of the phase axes will be computed. Thedr
characteristic quantities are then scalar inductance compo-
nentslsy,, Igp, and g of the respective phase axes. Assuming various different values &f (55) demonstrates

(53) a (54)

- %[(ch Hoq) = (loa o )c0525+i (1o ~1oq ) sin23]ug
(55)
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that the derivative vectdi, (1/dz is located on a circle that¥s do not change between two measurements.
is centered on the axis of the exciting veaigr The vector  Inserting the two switching state vectarg andu, sepa-
displaces on the circle circumference yas the saturation rately in (56) and taking the difference of the two resulting
displaces by, Fig. 40. equations yields

An induction motor with open rotor slots exhibits an addi-
tional anisotropy ohrp-ﬂ periodicity, where is the rotor U —u, =] DAiS(ul) B Ais(u“)D
position angle and\rp is the number of rotor slots per pole 1 54~ GH AT AT
pair. The effects of saturation and rotor slot anisotropy then o )
superimpose. The resulting derivative vemiqﬁl)(ﬁ, s)ldr Of interest in this equation are the components of the cur-
locates on one point of the epicyclic curve centered on fisdt changes in the spatial direction of the transient excita-
real axis in Fig. 41. The spatial high-frequency componenttfn, which is thea-axis wheru, andu, are used, see Fig. 40.
this curve is caused by the rotor anisotropy; it displaces byerefore, after multiplying (57) by the inverse of the leak-
np? around the center point of the circle in Fig. 40. TH¥J® inductance tensor (35) and takingar@mmponent of the
low-frequency component is due to magnetic saturation?§gult, we obtain
displaces by & L (ug) L (up

In a loaded machine, the angular velocitie¥dr andds/ Aig =hig = [ (IGd + I(,q) _(lod _IGQ)COSZ(S] UAT  (58)

dr differ _by t_he slip velocity. Th(_a asynchronism_causes t%ere thedi, are the respective changes of thghase cur-
patterns in Fig. 41 to change as time elapses, while they maif anq,_is the magnitude of the switching state vectors.

tain their typical characteristics. Similar expressions are obtained for the chamngjgsfol-

A transient excitation in the direction of the switching StafSwing transient excitations hy; andug = —Us, andAi, for
vectorug produces a different derivative vecttif®)(s%,6)/ oy citations byus andus = —ug [32] 6 > ¢
dz. This vector points to a location on the epicyclic pattern—,,, respective phase current changes are added, aligning

centered on thb-axis in Fig. 41. Finally, an excitation in thethem with the real axis by the respective weighta?landa
direction ofus gives rise to a vectaiiy®)(s), 6)/dz|. which

(57)

targets the pattern centered on thexis. ) [Ai, M) — A4 + az(Aib(“3) —Aib(“ﬁ))lil
All three discrete derivative vectors shown in Fig. 41 refer f = 2 U g (59
) 9 N 3 i Us) _ pj (u2)
to a given constant rotor positiahand constant spatial ori- Ha(AIC A ) H

entationd of the saturation. Even though, the derivative vec- It tor that has th timated field lein it
tors point to different locations on the respective patterns sirT&ae resuftis a vector that has the estimated field angle in its

the number of rotor slots per pole pair is not a multiple 8fgument,

three. This is true for most induction machines. On this con- 1 j(23+n)

dition, the rotor slot patterns, as seen from the respective phase f= §(|cd - loq)“SATe (60)

axes, appear displaced by 0, 1/3, or 2/3 slot pitch, respectiveﬁz . . .

[18] which can be proven by inserting the respective current chang-
' es into (59).

6.6.1 The Inform method The vectorf (4ig) is computed on-line from the measured

The response of an anisotropic machinB\M transients current changes. Its argument is twice the field angle, phase
can be exploited for field angle estimation at very low speed
and also at zero stator frequen8&ghroed[[32] calls his ap-
proach thdnForm method indirectflux detection byon-line 0 AN f\ IR I . /\ TR
reactanceaneasurement). The analysis starts from the stator Usa \AV VWY \/E\/\UU VA \/

T 50V

voltage equation in stator coordinates —50- !
: dis k. 50V i
S —o's o dr ‘1. mer r VLA m(:\;‘“‘w: i H{l{\{“{"{‘{ 1/\
U =rgig +1609 2+ (jom T, ~1)% ORI Al /
r Usb RURY V\‘\/ V\jg\lv ] \/W Vv
where the tensdt,(S) models the saturation induced anisot- —50- 1
ropy. The rate of chang#id/ Az of the stator current vector is T 50V T
measured as a differenetig over a short time intervalr, U 0 Tkl /\\/\ U/\f\/\ o f\\/\ U/\U
while a constant switching state vector is applied@ad he o o V\/\/\/ V :EVV \/ \/
influence ondig of the resistive voltagejs and the back emf 0 0.05 t—» 0l1s

is eliminated by taking two consecutive measurements while

applying two switching state vectors in opposite directionsig. 42. Phase components of the anisotropy siggalThe

e. g.u; anduy = —uq in Fig. 40, each for a time interval. highlighted cycles of the rotor bar anisotropy signal form a bal-
It can be assumed that the fundamental componeiganfi 2nced three-phase system.
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ages ;adig/dr in stator phasa, | 5, diy/dz in phased, andl
dig/dr in phasec. Since the three leakage inductance values
are different from each other, and (63) through (64) hold, the
zero sequence voltage

Ug = Uy + Uy + Ug (66)

assumes a nonzero value. Equation (66) defines the anisotro-
py signalug, which is acquired —immediately after a com-
mutation is completed — by measuring and adding the phase
voltagesug, up, andug.

To investigate the properties of the anisotropy signal
(66), equations (62) through (65) are solved following a tran-

Fig. 43. Compensation of the saturation effect. From tqp: phasgient generated by switching statg, or ugs = —u4, which
component of the anisotropy signal, estimated field aAglac- yje|ds
quired signap’,, saturation componesy,, extracted position sig-

nal p,, recorded at 50 rpm

Ioa(lob + Ioc) —2oploe

14) —
Us'’ =%xu
Icralcrb + Ioblcc +|0a|crc

*Ugi (67)
shifted by the constant displacementience whereuy is the dc link voltage. In (67), the positive sign

Szé(arg(f)— ) (61) associates tay, the negative sign ta,. The term

represents the estimated field angle. The controlled machine Ugi =
should have closed rotor slots. The slot covers shield the

rotor bars from the high-frequency leakage fields and thipresents the contribution of the rotor induced voltaggs
reduce, but not completely eliminate, the disturbance causggdandu;;. These voltages are small at low speed and hence

by the slotting anisotropy. Usi can be neglected in (67). The teug) can be eliminated
. at higher speed by taking the respective differenggs=
6.6.2 Instantaneous rotor position measurement (1)g (4)p y_ (2? (5) P - (3 (6)
X i ) Us't) —ugs\™®), or ugy = ugle) —ust™) or uge = ugt®) — ugle),
While the rotor slot anisotropy acts as a disturbance to H@pending on which switching states are activated by the

field angle identification methods, this anisotropy can be &g\ control. The influence ofi;; at higher speed is dis-
ploited to identify the rotor position angle. Magnetic saturgyssed in [34]. ol

tion then takes the role of the disturbance. The method deve'lVIeasured anisotropy signals are displayed in Fig. 42.

oped byJiang [33] andPan[34] relies on the instantaneousl-he signals exhibit favorable characteristics:

measurement of an anisotropy signal derived from the termi-

nal voltages at the feeding inverter [35], and the starpoint |5o:rhe wave_forms of the_ rotor slot related gms_otropy compo-
tential of the machine. nents, which are the high-frequency oscillations, are almost

As previously explained, an anisotropic rotor introduces ansmusmdal. Their phase angles are therefore in linear pro-

unbalance to the phase values of the total leakage inductanfO"tion to the rotor position angle.

es since the number of rotor slots per pole pair is not a multi1 & waveforms do not exhibit an offset as the phase leak-
ple of three. The unbalance is reflected in the zero sequencdd® inductance valuggy, Ip, andlse do.

voltage of a star-connected stator winding. This is obviousThe formal reason for these favorable properties is in the
from the stator voltage equation

Ioalcbuic + |0a|0cuib + Icxblocuia

(68)

Ioalcb +|ob|crc +|oa|0c

di ‘« one rotor slot pitch  —»| 3V

Us=1, G2 +u (62) ] P

since oy | P i N
e T

uia-'-uib-'_uiczo (63) 0,‘4111‘\H{%:HHNwHH{H o '
and also kY P > 0

i +ip +io =0 (64) T | &
and consequently 0 0.1 02 03 04s

dig , diy , dig _ o i

dr dr dr ~ (65)

Fig. 44: Measured componergg andpg, and the trajectorp(y)
It is now assumed that the switching state vector changefshe complex rotor position vector, recorded over one rotor slot

The resulting current changé,/dz induces the transient volt-Pitch (12.9” motor shaft angle) at 300 rpm
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100 ms rotor positiond, as referred to Mp)th of a mechanical
- |~ revolution, being expressed by the phase angle'@*),
3 which is?.. The magnitude gf'(z%) bears no significance.
? %0 / 1 \ The rotor position within one mechanical revolution of
o the motor shaft is obtained by incrementing (or decrementing
0 at reversed rotation) a modulpr(p) counter whenever a full
¥ cycle of ¢ is completed. Hence the incremental rotor posi-
? 4V—‘ \1HHHHHH:HHHHHHHHHH t|onW|th|nafu||revo|ut|on|s
1 9 =(2nC +3;) /nrp (70)
} 4\/] e ] . -
D 0 M \ whereC, is the state of the counter. The equation illustrates
B - the nature of this sensorless position measurement, which is

absolute and of high resolution within one slot pitch, and
incremental in that the angular displacements of the individ-
J.lgzl rotor slots are counted. It is quasi-instantaneous and

0 02 04 06 08 1s

t -

Fig. 45. Sensorless position control showing a repetitive mo . . . .

shaft displacement af90° at 120% rated transient torque; tracd¥Nce can be obtained at high dynamic bandwidth.

from top: motor shaft angl#, rotor position signal®y and pg; To establish a sensorless speed control system, the field

constant values indicate zero stator frequency angle § is derived from the rotor position angie (70) by
adding the slip angle obtained from the condition for rotor

nonlinear mapping of the phase leakage inductances onfi@lél orientation (6)

anisotropy signal expressed by (67). The summing of the phase - S | i
voltages in (66) further eliminates all nonsignificant large fun- 0= nir + fﬂjwi dr,
damental components, and the offset as well. Small changes P tr o

in the phase inductance values, caused by the rotor anisodige the rotor speedy, = ws— @, is determined from (6).

pies, therefore transform to a balanced ac signal having a reFhe field angle (71) can further serve to eliminate the satu-
markable amplitude of around 50 V. This establishes a veayion induced disturbance of the position signals. Saturation

(71)

high signal-to-noise ratio.
The three signalggg(@), Usp(), Ugc(@) form a symmet- on the measured signalg in Fig. 42. Other than the rotor
rical three-phase system. This permits defining a complex rgdosition which synchronizes with the position anglethe

position vector

2
B On) = 5 (Usald) +aUepO) +a%usc)
= Pa +imp

The important information contained %) is the angular

(69)

introduces the low-frequency components that superimpose

saturation components are in synchronism with the field an-
gle 5. A set of multiplexed adaptive spatial low-pass filters,
addressed in synchronism with the estimated field adgle
extracts a saturation vect$) from the distorted signal(®9;),
permitting to calculate an undisturbed position sigi{g}) =

p' (@) —s(6), [34]. Thea-component of this signal is shown

in the lowest trace of Fig. 43. Waveforms of the compensated
position vectop(d), recorded at 300 rpm, are shown in Fig.

44,

? fp5f91 1] . 1y Rotor position acquisition is possible at sampling rates of
@ 0 L several kHz [34]. Dead-time phenomena have no detrimental
0 s effect. The spatial resolution and the signal-to-noise ratio are

? \ j e very high. This permits implementing precise incremental po-

ig -1 L T sitioning systems for high dynamic performance. However,
) T the incremental position is lost at higher speed when the fre-

? - I quency of the position signal becomes higher than twice the
I AANA - AANAN sampling frequency. Even so is positioning possible while op-
6 T }%/VL /VM/M erating up to double rated speed if a fundamental model is
used in parallel that estimates the speed and the direction of

Fig. 46. Persistent operation at zero stator frequency with 12
rated torque applied. The steady-state processes are initiated
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t —

5s

rotation.
(yThe oscillogram Fig. 45 shows a positioning cycle that ex-
Réﬁgs maximum dynamics at 120% rated torque. The high

terminated by transient commands; traces from top:, estimafgagnetic saturation during the acceleration intervals tempo-
speedw, normalized torque-building currery, field angles

rarily reduces the amplitude of the position signals; the posi-
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tion accuracy remains unaffected, since the relevant informmaagnetic structures in addition. Identifying this anisotropy
tion is contained in the phase angles. yields a high-resolution rotor position signal of high dynamic
Sustained operation at zero stator frequency, combined viitindwidth; the influence of the saturation anisotropy must be
high dynamic performance at 120% torque overload is deattaptively compensated.
onstrated in Fig. 46. In this experiment, the machine is operit is the nonlinear properties of two different anisotropies,
ated at speed control with the speed reference set to 50 rpimvhich only one can be utilized at a time, which makes car-
This value corresponds to the slip speed at 120% torque ovier-injection methods for sensorless control highly sophisti-
load. While operating initially without load, the system is sulbated. Their design is not general as it must match the proper-
sequently subjected to a step change of 120% torque intthe of the particular drive motor. In addition, the nonlineari-
direction of rotation. Such disturbance causes a transienttias of the PWM inverter require identifying complex and time-
crease in speed which is compensated by a steeply fallagiable compensation functions for every operating point.
torque currenty. The dynamic peak torque is 150% ratedhese nonlinearities do not interfere when the transient exci-
which lets the motor regain its set speed immediately aftation of the inverter switching are exploited to acquire the
the transient. The control masters the subsequent steady-staisotropy signals.
at zero stator frequency and 120% overload. Note that the fiellodel based estimation methods, on the other hand, en-
angled in the lower curve does not change. Even at zero saéle zero stator frequency operation for extended time peri-
tor frequency does the system maintain its full dynamic abdlds; even so, permanent stability cannot be guaranteed. Nev-
ity, which will persist for an infinite time. The torque currengértheless is the less complicated implementation of model
iq reacts instantaneously to the sudden removal of the extersed methods a distinct advantage which makes these the
nal torque, reestablishing the set speed after a short trangjeoid choice for most applications. If long-term stability at
speed drop. The maximum speed in the experiments wago stator frequency is an issue, anisotropic properties of the
around 1000 rpm. machine may be exploited as a temporary addition.
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