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Abstract — The performance of sensorless controlled induc- switching of the PWM inverter [5]. These methods could solve
tion motors is poor at very low speed. The reasons are the lim-the zero-frequency problem in principle, but not without in-
ited accuracy of stator voltage acquisition and the presence of curring penalties. These are the requirement of additional hard-
offset and drift components in the acquired signals. ware for signal acquisition, and/or the high computational load.

To overcome these problems, a pure integrator is employed  ypder these circumstances is the restriction of using the
for_stator flux estimation. _Th_e time-variable dc offset voltage is fundamental model of the induction machine extremely at-
estlma_ted from the flux drift in a parallel stator mo_del anql used tractive. This model considers only the fundamental spatial
to eliminate the offset by feedforward control. Residual high-fre- .~ "~ . . .

distributions of the flux density and the current density waves,

guency disturbances are compensated by feedback flux ampli- e . .
tude control. A linearization of the PWM inverter transfer func- thus describing the electromagnetic subsystem of the machine

tion and an improved stator resistance estimation scheme fur- 5 & dynamic system of second order if complex state vari-
ther enhance the system performance. ables are used [6]. The approach tends to be inaccurate at lower
Experiments demonstrate high dynamic performance of sen- Stator frequency as the fundamental voltages are then low in
sorless control at extreme low speed and zero stator frequency. magnitude. Their fundamental components are difficult to
Keywords:Induction motor, sensorless speed control, sigParaté from the switching harmonics, and from the offset
tor flux estimator, stator resistance estimatWwM inverter and noise components that act as disturbances in the signal

model, dc offset estimation, control at zero stator frequen@Fauisition process. _ _ _ o
Recent research has aimed at improving the estimation ac-

curacy of the fundamental model for flux estimation. The key
|. INTRODUCTION : . :

quantity here is the phase angle of flux linkage vector, also

Vector controlled induction motor drives without speegferred to as the field angde The field angle enables the

sensor have become an attractive and commercially expapghsformation of the stator current vector into field coordi-
ing technology in the past few years [1]. The absence of f{ifes, thus making the electromagnetic torque and the flux of
mechanical speed sensor reduces the cost and the volumgeinachine independently controllable. This is a prerequi-
the drive motor. It does away with the sensor cable, and éfte for maintaining the stability of a dynamic ac drive at any
creases the reliability of the overall system. It is still a proBpeed. Either the stator flux linkage vector or the rotor flux
lem, though, to achieve robust sensorless control at very IgNkage vector can be used to define a field oriented coordi-

speed, particularly in a region at and around zero stator figte system. Preference is given here to stator field orienta-
quency. The physical reason is that all estimation methogsy which is simpler to implement.

directly or indirectly, rely on the effect of the rotor induced
voltage, which becomes very small as the stator frequency
reduces, and vanishes at zero stator frequency.

It has been the subject of recent research to narrow or elimifn a sensorless drive system, the field angle, and also the
nate the region of inoperability around zero stator frequensyechanical speed, are estimated using the stator current vec-
One way towards this goal exploits spatial machine anisottor and the stator voltage vector as input variables. Their ac-
pies that indicate either the actual rotor position, or the figidrate acquisition is a major concern for stable operation at
angle [2]. It requires subjecting the machine to transient comery low speed.
ditions so as to enable the identification of the anisotropic ) )
characteristics. This can be done by injecting a continudisinverter nonlinearity
high-frequency signal into the stator winding [3, 4], or by The direct measurement of the stator voltages at the ma-
exploiting the repetitive transient excitation caused by thBine terminals is most accurate [7], but hardware require-

Il. LIMITS OF STABLE OPERATIONAT LOW SPEED



ments are quite substantial. The switched stator voltage wa2+3-Hz.

forms require a large signal acquisition bandwidth, and elecA more refined way of maintaining the stator flux vector
tric isolation must be maintained between the power circualbse to its intended circular trajectory consists in not only
and the electronic control system. However, the processaiigping the peak amplitudes of its orthogonal components,
of the analog signals introduces errors and offset. Using the exerting a continuous influence on the flux vector magni-
reference voltage of the pulsewidth modulator avoids all theéade.Hu and WU13] propose an adjustment of the estimated
problems. This signal is readily available in the control unftux vector by closed loop PI control, forcing the stator flux
and it is free from harmonic components. It does not exactigctor angle to lag the vectay of the induced voltage hy
represent the stator voltages, though, as distortions are in.oAlthough this would be the correct solution in principle,
duced by the dead time effect which cannot be completéhe magnitude of the induced voltage becomes extremely small
eliminated even by the most sophisticated compensation staatvery low speed, which makes dc offset and other distur-
egies. Also the PWM inverter itself exhibits nonlinear chabances the dominant signals. Another major drawback of this
acteristics. It is the threshold voltages of the power devigasthod is the dynamic delay of the closed loop control used
that cause distortions of the machine voltages, and theirfef- error correction. This delay generates dynamic errors at
fect is particularly pronounced at low speed when the fundeansient conditions. Possibly for this reason have the authors
mental voltage is low. The distortion components depend applied their methods only for flux monitoring, but not for
the directions of the phase currents; their impact on the quedid oriented control in a closed loop.

ity of current control and their compensation by a time dis-Kubota et alpropose to estimate the dc offset using a full
placement of the inverter control signals was described dngler observer [7]. They exploit the fact that oscillations in
Choi et al.[8]. Estimating the stator voltage vector for thepeed and rotor flux magnitude occur in the presence of dc
purpose of state estimation requires modelling of the invertdfset. The approach is highly computational. It requires com-
nonlinearities. This reconstructs the true stator voltage vegboiting the average values within a fundamental period of the
ug from the inverter control signaf* [9]. An adaptive com- estimated rotor flux components in stationary coordinates.
pensation scheme for the inverter nonlinearity is reportedTihese values are subsequently multiplied by coefficients de-

[10]. rived from the system matrix, which in turn depend on the
o estimated speed. The results are summed up to yield incre-
B. Current acquisition errors ments of the estimated offset voltage components.

Also the measured current signals can be in error due t@\lso Rodic et al. [14] use the deviations of the estimated
unbalanced gains of the measurement channels, as well as fg6t flux magnitude from its reference value to build a non-
dc offset and drift. These disturbances have their origin in fhear flux observer. This observer is constructed as a second-
analogue portion of the current acquisition channels. Theyer low-pass filter at low stator frequency; it converts to a
cause fluctuations of the machine torque, generating spéigst-order low-pass filter at higher stator frequency. The ex-
oscillations of fundamental and double fundamental frequenatimental results obtained with this method demonstrate
[9]. Chung et alpropose their compensation by closed loofoderate performance.
control on the basis of the resulting speed oscillations. This
method requires precise speed measurement which cannd? bgtator resistance estimation
substituted by speed estimation techniques. Moreover, thé further source of error in the estimation of the stator flux
accuracy is poor under transient conditions and hence residungle is the misalignment of the estimated stator resistance

errors may persist. with its real value in the machine. The load dependent varia-
. o tions of the winding temperature may lead to up%0% er-
C. Field angle estimation ror of the modelled stator resistance. Hence the stator resis-

DC offset and thermal drift have been ever since identifigghce must be continuously adapted to its correct value dur-
as major problems to accurate flux angle estimation at vesy operation.Ha and Lee[15] propose an identification
low speed. A most common solution is the replacement of #iheme which relies on the computed difference between the
stator flux integrator by a low-pass filter. The limited dc gaial power input to the stator windings and the airgap power,
of such low-pass filter eases this problem as long as the staifisidering the actual load condition as calculated from the
frequency is much greater than the filter cutoff frequency. Titgtantaneous reactive power, the stator current magnitude,
phase angle difference between the integrator and the lewd the stator frequency. Being obtained as a small difference
pass filter determines the field angle error. The lower limit pktween large quantities, the estimated stator resistance value
stable operation is at about five times the cutoff frequen@nds to be inaccurate.
and thus intolerably high. A simple way of lowering this Mir et al. report on a stator resistance estimation scheme
boundary is limiting the peak values in stator coordinatesijafplemented in a direct torque control system [16]. The con-
the estimated stator flux components to the flux reference magtling variables are the stator flux magnitude and the elec-
nitude [12]. While such limiting eliminates the dc offset fromromagnetic torque. Any given combination of these variables
the flux signal, it introduces phase angle distortions in tuidefines a certain value of the stator current magnitude. A de-
The limit of stable operation is around a stator frequencytion of the measured current magnitude from this value is



attributed to a change in stator resistance. The modelled@he signal content of the stator voltage disturbance vector
value is then adjusted until the two currents coincide. Itus in (3) is attributed to

apparent, though, from the experimental results that the esti; {he nonlinear characteristics of the PWM inverter,

mation of the stator resistance is fairly inaccurate. « the ill-defined state of the inverter at current zero cross-
The approach oGuidi et al.[17] requires modelling the

. . _ - ing,
induction machine by a fu_II order _observer. A m|saI|gnment_. time and amplitude discretization errors of the pulsewidth
of the modelled stator resistance is detected from a compari- modulator

son between the measured and the estimated stator current . . .

. . . .  “errors due to incomplete dead time compensation.
vector. Introducing a linear displacement of the estimated sta- ] ) _
tor current vector increases the sensitivity of the algorithm,The disturbance vectay superimposed to the stator cur-
provided the displacement is adequately chosen. The expétill VECtor represents
mental results look promising but might require improved dis-+ dc offset and drift,
turbance rejection. « gain unbalance of the current acquisition channels,
 current discretization errors, and

E. The overview . L .
o . . . * residual switching harmonics of the fundamental current
As a contribution to the aforementioned topics, this paper signals

describes the design concept of a ready-to-implement sensor- _ ) )
less drive control system for high performance at very low/APart from the induction motor, represented by its funda-
speed, including zero stator frequency operation. The syst@fntal model, only the imperfections of the PWM inverter,
comprises a nonlinear inverter model for the estimation of i dc offset, and the stator resistance will be reproduced here
stator voltage vector, a precise dc offset estimator, a stat$fmedels or estimators. The remaining disturbances consist
resistance adaptation scheme, and a fast compensator fo?frdoW amplitude, high-frequency signals which enables their
sidual disturbances like current gain unbalance, the currgiftination without employing specific models.

zero crossing effect, and general model inaccuracies. Th?ﬁ.XThe nonlinear inverter model

act compensation of all these adverse effects permits using

pure integrator for stator flux estimation and thus provides c forvza;dbvolta:cge gft;[]he aomer sltemlconc:juctors cart'l be
long-term stability at zero stator frequency operation. approximated by a fixed thresnold vollagg and a curren

dependent componenji, wherery is the differential resis-
tance and is the forward current of the device. The resistive
portionrgi of the inverter voltage is a linear function of the
device current. The constant threshold voltage produces non-

I1l. M ODELLING THE DRIVE SYSTEM COMPONENTS
A. Stator flux estimation

Among the various ways of establishing a machine model linear voltage dis-
in terms of fundamental variables, preference is given for rea- i T tortions. These can
sons of simplicity to the stator model. It is derived from the im J,j be higher in ampli-

stator voltage equation in stator coordinates

. dW
us:rs's"'dirs (1)

tude than the funda-
mental machine
voltage at very low
frequency.

The details of a
nonlinear inverter
model are described
in [9]. It is demon-
O~—j,—® strated there that the
effect of the thresh-

sector 1

7

whereug andig are the space vectors representing the sta
voltages and the stator currents, respectiviglys the stator )
flux linkage vector, andyg is the stator resistance. Time is ib"""""
normalized asr = wggt, where wggr is the nominal stator g
frequency [6]. ®
Equation (1) serves to estimate the stator flux linkage vec-

tor .
Fig. 1. The six possible locations of theold voltage in a par-
0 - ([0 5t sector indicatorsediy); the dotted lines ticular bridge arm
Y I(Us rsls)dT 2 mark the transitions ofg at which the depends or? the di-
from the measured or estimated variables i'hg;nsg:f the respective phase currente, =" o the re-

Ug =Ug +U, (3a) spective phase cur-
A rent, since a conducting device is always forward biased. The
ls =ls*iz (33) threshold voltage component of phaaes therefore
Ig =rg +Arg (3a) uwsign(iy). Making use of the definition of a voltage space
whereu, andi, are space vectors representing the respecti(/(?actor Ey |ths thrhee;dphalse voltage components [6] permits de-
disturbances of the stator voltage and the stator current veeng the threshold voltage vector
tor, Argis the modelling error of the stator resistance, and ~

1, . o,
marks a variable as estimated. Uth = f(uthggn('a) *aupSsign(ip) +a ugsign( C))’ (4)



The last two terms in (7) define the contributions of the
nonlinear inverter model. With reversed signs, this model is
inserted between the reference voltage vector and the pulse-
width modulator input to establish a linear relationship be-
tweenu* andug. The signal flow graph Fig. 3 illustrates this.

The inverter model is characterized by two parametgys,
andrg. A method to identify the threshold voltagg is pro-
posed in [9]. Ways of adapting, to the prevailing operating
conditions are described in [10]. Such adaptation may be too
much of refinement for some applications.

The second parameter of the inverter model Fig. 3 is the
differential resistancey of the power devices. This resistance
is identified as part of the estimation scheme described in Sec-

Fig. 2. The effect of inverter nonlinearity at two different values tion 1l E.
stator frequency. The discontinuous trajectotiggrepresent the
average stator voltage within a switching subcycle C. Offset vector estimation

u
(a) at ws = 0.017 (b) at ws=0.01

_ _ _ According to (2), even minor dc components in the voltage
wherea = exp(j2t/3) is the unity vector rotator. The factor 14nq current signals accumulate in the process of integration

2in (4) ensures that,| = Ugh. to form a large offset in the estimated stator flux linkage vec-
Equation (4) can be rewritten as tor. A solution to this problem exploits the fact that the offset
Uty = Uy, [SeC(is) (5) Vvector is almost unidirectional while the derivative vector of

the circular displacement rotates. The signal flow diagram Fig.
4 shows the elements of an offset voltage estimator highlighted
by a shaded frame. The induced voltage

where the sector indicator

sec(is) =  (Sign(ia) + asign(ip) + a%sign(ic))  (6) !

i _ . . Uj =Us —Tgls (8)

is a unity vector that marks the ®fegree sector in which R

the current space vector resides. The six discrete location§&¥es as an input signal, wherg = u* is the estimated

the sector indicator are shown in Fig. 1. The argument of thfgtor voltage obtained from the controlling signal of the

unity vector is a kind of modula(3)-function of the current linearized pulsewidth modulator in Fig. 3. As shown in Fig.

space vector phase angle. 4, the vectou; of the induced voltage is integrated to form a
Fig. 2 shows the distortions that the inverter nonlinearigjgnal ¥1. The components of this vector are subsequently

imposes on the stator voltage vector when the reference vingited in amplitude to the magnitude valég of the stator

age vector is controlled to follow a circular trajectory. At théux reference. .

machine terminals, the average stator voltage per modulatiohhe trajectory of¥; is not circular in the presence of dc

cycle ugy is discontinuous and exhibits strong 6th harmon@ifset. Since its undisturbed radius equéfsthrough the ac-

components. It has less fundamental content at motoring &A@ Of the stator flux controller, the offset components tend

more at regeneration [9]. to drive the entire trajectory towards one of #¥% -bound-
Neglecting the switching harmonics, the transfer charafies, and a clearance appears from the respective boundaries

teristics of thePwWM inverter is

Us = Uiy — Uth (is) ~ Tis (7)
a .
=(S> to stator flux estimator mains —ff—p—
*
u* Uiny ~
PWM F=+
Sec@s) U\th '/A/ ~
~ Imin,max Uoff At
X Uth '/’1 / / J
it = il—'\ercz(>Eqn.9=(>Cfl -
[ v Ig i Us y Uoft
|

® S 9) s T | Ttmin,tmax

inverter model ‘ offset estimator
Fig. 3. Signal flow graph of a sensorless drive wi Fig. 4. Signal flow graph showing an offset voltage estimator for

compensation of the inverter nonlinearity high-bandwidth stator flux estimation using a pure integrator
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Fig. 5. Measured trajectory of the vecty showing the effect of
uncompensated offset

presence of switching harmonics. When a particular phase cur-

at the opposed sides. Fig. 5 shows an oscillographed exanifiat reverses, the voltage error caused by the dead-time effect
It is seen that the offset makes the average values of the i{JgN9€s its sign and thus counteracts the tendency of this cur-

component®;, and¥;g nonzero. In particular, we havé,(, rent to flow in the intended direction. The situation is even
la 1B ' ; " more complex as the superimposed switching harmonics es-
min * Y1 max/2 < 0 and ¥1g min + Y13 max/2 > 0 in this

ie H tribution to the offset volt tablish repetitive changes between positive and negative cur-
example. Hence a contribution to the Ooliset voltage vec?%rm flow as illustrated in Fig. 6. Dead-time error compensa-
Uoff can be estimated from the displacement of the flux U2n schemes fail to operate properly
jectory ¥y as Exact voltage control by the pulsewidth modulator is im-
paired by an additional effect: The respective bridge arm is

. 1y «
Uoff at = E(wlmax * wlmi”) ©) completely open-circuited when the current is very low, and

where the maximum and minimum values in (9) are thoseG@trol of the corresponding phase voltage is lost. It is then
the respective componenit,, and Wlﬁa andAt is the time the i_nduced voltage of thg ma_chine that appears temporarily
difference between two zero crossings¥gfthat define a at this phase terminal. Estimating the exact stator voltage vec-
fundamental period. tor from t.hg command value of the pulsewidth modulator be-

Due to the nonlinear distortion of the trajectorylgf the Ccomes difficult. o ,
algorithm (9) is more an approximation under the conditions 1€ aforementloped effects produge distortions Qf the esfn—
shown in Fig. 5. To improve on this, the sigigk Ay is low- mated fI'ux vector signal that are dominated by multiple of six
pass filtered and fed back to the input of the integrator so"'&§MoNICs. _ . _ _ o
to cancel the offset componentlip The input of the integra- Other imperfections are discussed in Section Il. It is indeed
tor then tends towards zero in a quasi steady-state, which
makes the estimated offset voltage vecigs equal the exist-
ing offset in;. The trajectory o/, is exactly circular in this
situation which ensures a precise tracking of the offset volt-
age vector. .

Since offset drift is mainly a thermal effect that changeds Ui
the dc offset very slowly, the response time of the offset esti-
mator is not at all critical. It is important to note that the dy-
namics of stator flux estimation do not depend on the response
of the offset estimator.

Unf | A I_vg X
lg—fe’}—0+

D. Compensation of residual estimation errors . noise compensator
The nonideal characteristics ofPavM inverter fed drive Uoff _ v
system are manifold. An overview of the existing imperfec- - 1/)1 Vimin max  Uoff At 3
tions was given in Section Ill.A. Modelling or compensating \ \
these effects to improve the performance at zero stator fre- —L71 7~C Eqn. 9 / T Goff
uency just uncovers new insufficiencies that got unnotice )
gefore)./ J ’ '/’% Ui, e

An example are the phenomena that occur when the funda-
mental components of the phase currents reverse their diregyg. 7. signal flow graph of a fully compensated stator flux
tions. The exact point of zero crossing is ill defined in theestimator. The lower portion shows the estimator of Fig. 4.
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almost impossible to model or estimate all these deficiencies. I
However, with the dc offset accurately identified, the remain- iqT 1 L\,/\v/\_/\_,/\v 3
ing disturbances exhibit higher, most of them much higher 0 —lq] ]
frequencies than the fundamental frequency. An efficient way . ? 0.02 @} T
to minimize their impact on the estimated flux vector is ad- @ 0 1 R TN TSR R T
justing the radial component #f close to its reference value i
l//s* by fast proportional closed loop control. This leaves the 0 1 2 : 3 4 55

tangential component —the field angle— unaffected and thus
does not interfere with the correct operation of the estimator,

Moreover, a tangential error converts to a radial error after a{C
quarter revolution of the flux vector and is then eliminatedig. 10. Oscillograms with 25 mV dc offset intentionally intro-

The noise compensator shown in Fig. 7 generates the higi#ted, showing that the noise compensator controls only the am-
itude of the stator flux vector, (a). Field angle errors persist as

; ; : [
frgquency signaliy to serve this purpose. The osmllograr@een in (b). Consequences are heavy torque and speed ripple, (c).
Fig. 8 shows that the componentsigf, although very small,

exhibit dominant 6th-order harmonics as predicted, and otkgfective at 1.5 s after starting. The high-frequency compen-
high-frequency noise in addition. sator first assists the stator flux estimator to establish find the
To test the dc offset estimation scheme, offset voltagescgfrect initial conditions, and then the estimated offset com-
25 mV were added to the respective inputs of the A/D cqsbnentdy ,, starts building up. The trace #§,, indicates
verters for thex- andS-components of the stator current sighat the trajectory¥; gradually centers in the origin. The
nals. The drive system was then started from a completghaded portion of this process is enlarged in the right-hand
deenergized condition, with the speed reference set to.0.Qide of Fig. 9, showing that initial errors in field angle are not
0.5 Hz. The oscillogram Fig. 9 shows that the system staiggnpletely avoided in this extreme condition.
from arbitrary initial values of the flux component and field Other than assumed in [9], the noise compensator does not
angle estimates. The machine is then energized by buildiggnpensate all offset effects. It corrects only the radial flux
an initial flux vector in th@-axis. Correct estimation become%omponent while leaving the tangential component unaffected.
While a smooth circular flux trajectory can be also obtained

t—

) oscillations in current and speed caused by field angle errors

A¢ ”W A A ] /1 E]/ in the presence of dc offset with the dc offset estimator dis-
ol o Z 7 connected, Fig. 10(a), the remaining phase angle error shown
_,TJ V V 1 V ] V Wy V A1 1/ inFig. 10(b) tends to destabilize the control. Fig. 10(c) shows
OAADANAMMAARANRARANAAMANL TN A that a tendency exists to execute oscillations.
Amf 0 J‘ (AR LAY WVU 7 Vo One would rarely encounter such large offsets in a practi-
HHHHHHHHHH;HHHHHHHHHH RARRRERAR SRR Ca|system_0nceidentified'theOffsetvo|tagevectorcanbe
~ { (\(\N\ M [\MM MM\ M M ’\ stored in a nonvolatile memory to provide favorable condi-
SOA 0 _r WL{VWU UU UU UU WVU \/wﬁx tions at any next start. Fig. 16 shows an example.
Lo T I e i I e - .
- i Uoffeli  E- Estimation of the stator resistance
Uoffo t Correct modelling of the stator resistance is of paramount
0 100 20 30 40 50 6 8s importance for sensorless control at very low speed. The
t— s t— method proposed here exploits the well defined relationship

Fig. 9. Startup process with a high dc offset intentionally intr@€tween the field.oriente'd. components of the stator current at
duced; shaded portion enlarged on the right constant flux. This condition makes the stator current vector
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&iig- 12. Stator resistance estimation by model reference adaptive
control; the adjustable model is the stator flux estimator in Fig. 7,

being manipulated by the the adaptive controller in the upper
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move on a defined trajectory, theylandcircle, as the load
varies. The location and the size of tHeylandcircle are
independent of the stator frequency. However, the valuevettor, which is computed from (2), observing= ug as dis-
the stator resistance does have an influence both on the diamssed before.
eter and the origin of thideylandcircle. Fig. 11 shows that, A .
for a given value of the torque current comporig,nhe field AV =Ys - Vs = ArSJ"SdT (13)
current componenj varies as a functlon of. [Equation (12) is rewritten as
To exploit the effect, an analysis starts from the machine

<

Fig. 11. Loci of the stator current vector at stator field orientati
with the stator resistance as a parameter

equations in a stator flux oriented reference frame, h¥gee l//SZ —(Ig + olg)ig¥s + Iso1sis2 =0 (14)

¥sd =¥s The following equations hold, [12], becoming nonzero in the presence of a stator resistance error
av, . di . - -

TrTI-S'HIJS = _wrrrds'q +TrdsTg+ls|d (10a) 1//_3 —(|S+O1$)id‘//s+|so15i52 =¢ (15)

di ; .
0= -, 7, (¥ - dlgig)+ TrdsTg +lgiq (10b) The difference between (15) and (14) is
2 _ w2 ;
- —(l. + = 16
wheret,is the rotor time constariyis the stator inductance, (VS ~¥2) - (ls + ols)iqavs = (16)
w; is the rotor (slip) frequency, and= 1 —1,2/lgl, is the which can be written with reference to (13) as
total leakage coefficient. Equation (10) simplifies at steady- {2 o i )
state,d/dr = 0, €= (l//s - Ys ) - Arsj'sdr s + als)ig (17)
Vs =~ T, dlsig +1sig (11a) Itis now assumed that undisturbed voltage and current sig-
laiq = @7, (Vs - dlgiy) 11b nals are used for stator flux estimation, which the offset com-
siq = HrirtTs - Hsld (11b) pensation scheme ensures. A nonzero ercan be then only

These equations permit eliminating the rotor frequengy Ccaused by a stator resistance erny. Using the approxima-
v Lol tion V2 — W2 = —~2W AV, and referring to (13), equation (17)
S sY!s 2

'd = s +ols ¥ (ls + 015)‘//5 's (12)

The result indicates that theétaxis current has a defined 0.05
magnitude at any given excitation and load, expresse byFJ '
andig, provided that correct stator field orientation exists.
Equation (12) does not depend on the stator resistance. It can
therefore serve as a reference model to generate the value pf
f'sin themodel reference adaptive systeMRAS) system shown iqf . o
in Fig. 12. The adjustable model is the stator flux estimator i i
Fig. 7 by virtue of its tunable stator resistance, (2). Since tg? : / ¢ 1} f A f
correct values ofig andig have already been set in this ' 01— Bj/ / ,;,SGOJ VVV\/\/
model, any error i¥5 is caused by an incorrect value of the  — ¥ -1 I
modelled stator resistance. Adjustingcan therefore serve @ I (b) T
to satisfy (12). The machine parametkysind olg as func- 0 2 4s 0 2 4s
tions of the load are determined by self-commissioning. | ——  —

The convergence of this approach is proved in the fono)é’i@. 13. Step change of the stator resistance; (a) at noload and zero

ing. If a stator resistance errdrg = fs —rg exists, a voltage stator frequency with subsequent nominal torque step, (b) at 30%
error Argig is created. This builds an error in the stator fluated load
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{— Fig. 16. Start-up of the deenergized drive system for operation at

0.005 rated speed (0.25 Hz)

Fig. 14. Fast stator resistance identification when operating at
very low speed after a transient from high speed; (a) acceleragtep is subsequently appliedtat t,, producing the desired

of the cold machine (b) deceleration of the heated machine a5t and well damped response. This indicates that the correct
resistance value was identified. Fig. 13(b) shows the response
demonstrates that - 0 if Arg - 0. to a step change of the stator resistances, appliee af,
Although the notationg is used for the resistance that igvhile operating at very low speed,= 0.0100.5 Hz, and
estimated by this scheme, the identified quantity is inffaet 309 rated load. The estimated field angle is in error during
rq since the differential resistancg of the power devices the transient phase, as indicated by the temporary increase of
appears in series with the stator winding resistagce iq- The machine was not fully loaded during this experiment
To test the identification scheme, the stator resistances Wsife a higher load than 30% rated may cause a transient in-
increased to 125% of their nominal value in a step fashigfability at this very low speed. Such condition is unrealistic,
The oscillogram Fig. 13(a) shows the response at no-load &isligh, since variations of the stator resistance are inherently
zero stator frequency, startingtatt;. A nominal torque load owed to slow thermal effects.
The sensitivity against stator resistance mismatch reduces
t 1 + t 1

as the speed increases, and consequently also the effective-
Y, | ness of resistance identification schemes in general. An accu-
!/jS(XOHHHHiHHHH l/{Soc O} A
-1 i’/ Vs 1

L

NN/ rate value of the stator resistance can only be identified if the
/\> speed is low. It is a hard test heating a machine up at high
T speed with the stator resistance changing, and then returning
T to dynamic control at very low speed. This underlines the im-
-1 01 0 1 2 3s  portance of a fast identification scheme. The response time in
l//sﬁ% t— Fig. 13(b) is only 280 ms. Such fast reaction enables stable
(b) flux vector components  low-speed control following deceleration from high speed with
(a) circular flux vector trajectory without phase angle error the stator resistance initially ill identified, though a minor lim-
iting of the speed gradient is still required. Fig. 14 shows an
example.
1 N / It is an advantage of the identification method that it relies
i\ on the measured stator currents and hence is not affected by
J \X/ \,’U\X/ \YJ .Y/ the inherent inaccuracies of stator voltage aquisition at low
: speed. However, Fig. 11 shows that it does require a mini-
—‘ HHHHHHHHHH:HHHHHHHHHH mumtOI’queCurl’entofaboutla%ptomaketheeffecto‘g

{E + onigq apparent, where the subscriptienotes a rated value.

Y E The method described in [9] is therefore preferred at light load,
~ u-ti.-w%mmm but its use must be inhibited at very low speed as it becomes

inaccurate.

0 1 2 3 4 5s

t —

(c) stator current waveforms and estimated speed

IV. SYSTEM PERFORMANCE

The effectiveness of the offset estimator is illustrated by

. the oscillograms Fig. 15. The waveforms of the stator flux
Fig. 15. Steady-state performance at low speed (33 rpm). A com- in Fia. 15(b fectlv si idal
parison with the waveforms in Fig. 10 demonstrates the improy&2MPonents in Fig. 15(b) appear perfectly sinusoidal as op-

ment achieved by offset estimation. posed to those in Fig. 10(b). Both oscillograms were recorded
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t —- at zero speed

Fig. 17. Zero speed operation with the load reducing in steps from

130% nominal torque to no-loady indicated on top "
! ~P| A I hoh
W|th 25 mV offset intentionally added to the current slgnalsl’ys‘X 0 %\ / /V\ \ \ \ll \/
i, andig. The stator currents are sinusoidal in Fig. 15(c), pro4 —1 \V : VI VIV
ducmg a constant torque as indicated by the sigpalhe ¢ L 1
signal of the estimated speed is smoothened, although not |05e— }/E L//L“J\J\J\ HHT
ally, which is owed to the low frequency of operation (0.023$ 0 :
rated speed, or 1.14 Hz). Iq] Tl 0.01 T
The oscillogram Fig. 16 shows a start-up process of theg ik RN i T
deenergized drive system with subsequent operation at 0.003 T ﬁ o @
rated speed (0.15 Hz). The recorded variables assume arbi- t
trary values in the very beginning while the state of the drive 0 4 8 12 16  20s

t —

system is not yet fully identified. In Fig. 17, the speed refer-
ence is set to zero while the load is reduced in steps frbi¢y 20- Rated torque step appliedaat: 0.003 with subsequent
eration at regeneration

120% nominal torque. Stable zero stator frequency operatlg
is finally reached at no-load. Fig. 18 demonstrates that the
field angle is correctly estimated without drift, even duringally, Fig. 20 shows the response to a positive torque step
an extended time of zero stator frequency operation. The s@iturbance of rated magnitude applied during speed controlled
sequent response to a torque step of rated magnitude derfpgration at 0.3% rated speed. The drive operates in the re-
strates that full dynamic controllability is maintained. The tinféeneration mode after the step. A tendency to destabilize at
expansion of such process with a torque step of 120% nofggeneration has been observed at this very low speed.
nal magnitude applied is shown in Fig. 19. Accurate zero speed
operation is resumed after a short unavoidable transient. Fi- V. SUMMARY

A precise and robust sensorless control system for induc-
tion machines is based on a refined stator flux identification

1 @LI scheme. A dc offset voltage estimator and a noise compensa-
A T = feanate tor are used to generate undisturbed voltage and current sig-
'{’sﬂ 0 @E nals as the inputs to the stator flux estimator. The absence of
wsﬁ -1 offset and drift permits using a pure integrator to derive the
o o 5 stator flux linkage vector from the vector of the induced volt-
;! W = age. The method thus eliminates all existing bandwidth re-
0 strictions for flux estimation. It enables smooth operation at
i t T e T S FO T O Eﬂw very low §pe§q and Iongterm'stability at zero stator frequency
q 0 W b f while maintaining full dynamic controllability. Accurate dy-
i namic torque control is achieved by a fast stator resistance
0 30 60 20 120 150s estimation scheme. The correction of ill-defined resistance
t— values accumulated in the unobservable high-speed region is

Fig. 18. Long-term zero speed operation followed by a nom”ﬁiﬁmonstrated while reentering the low speed region in a tran-
torque step sient process.
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