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Methods for Speed Sensorless Control of AC Drives

ω is the angular velocity of the rotor. The flux linkage equa-
tions are

  ys s s h r= +l li i (2a)

  y r h s r r= +l li i . (2b)

The electromagnetic torque is proportional to the z-com-
ponent of the external product of two state variable space
vectors, e. g.   ys s× i z. This expression forms the link to the
dynamics of the mechanical system,

    
t w

tm s s z L=d
d Ty × −i , (3)

where τm is the normalized mechanical time constant, and TL
is the load torque. Note that time is normalized: τ = ωsRt, where
ωsR is the rated stator frequency.

At least one, in the general case both machine windings
see the common reference frame rotating, depending on the
choice of ωk.

2.2 The complex signal flow diagram
The machine equations depend on the respective space

vectors that are chosen as state variables. Choosing the sta-
tor current vector and the rotor flux vector as state variables
converts the machine equations to
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which follows from (1) and (2). The coefficients in (4) are
τσ '  = σ ls/ rσ,  rσ = rs + kr

2 rr, and kr = lh/ lr, where  τr = lr/ rr is
the rotor time constant, and σ  = 1 – kskr is the total leakage
coefficient.

The graphic interpretation of (4) is the signal flow dia-

Abstract  —  The operation of speed controlled ac drives with-
out mechanical speed or position sensors requires the estima-
tion of internal state variables of the machine. The assessment
is based exclusively on measured terminal voltages and cur-
rents. Low cost, medium performance sensorless drives can be
designed using simple algebraic speed estimators. High-per-
formance systems rely on dynamic models for the estimation
of the magnitude and spatial orientation of magnetic flux
waves in the stator or in the rotor. Open loop estimators and
closed loop observers differ with respect to accuracy, robust-
ness, and limits of applicability. The overview in this paper
uses signal flow graphs of complex space vector quantities to
give an insightful description of the physical and mathemati-
cal systems used in sensorless ac drive control.

I.  INTRODUCTION

AC drives based on full digital control have reached the
status of a maturing technology in a broad range of applica-
tions ranging from low-cost to high-performance systems.
Continuing research has concentrated on the elimination of
the speed sensor at the machine shaft without deteriorating
the dynamic performance of the drive control system. Speed
estimation is an issue of particular interest with induction
motor drives where the mechanical speed of the rotor is
generally different from the speed of the revolving magnetic
field. The advantages of speed sensorless induction motor
drives are lower cost, reduced size of the drive machine,
elimination of the sensor cable, and increased reliability. A
variety of different solutions for sensorless ac drives have
been proposed in the past few years. This paper reviews their
merits and limits based on a survey of the available litera-
ture.

II.  MACHINE DYNAMICS

2.1 Basic equations
The graphic representation of dynamic systems by signal

flow diagrams is a well-established tool. Its extension to
complex state variables, describing the sinusoidal distribu-
tion of the magnetic and electrical quantities around the
circular air gap of a rotating machine has been recently
proposed [1]. This technique offers the advantage of convey-
ing information on the dynamic behavior of a system of
considerable complexity in an easy-to-understand symbolic
notation.

The machine equations in terms of complex space vector
quantities are
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where ωk is the angular velocity of the reference frame, and
Fig.1: Complex signal flow diagram of the induction motor, state
variables: stator current, rotor flux
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gram Fig. 1. This graph exhibits two fundamental structures,
one on the left-hand side which represents the stator wind-
ing, and one on the right-hand side representing the rotor
winding. Each winding is characterized by a first-order de-
lay element and a normalized time constant. The time con-
stant reappears as an imaginary factor in the internal feed-
back path of the respective winding structure, describing the
cross-coupling between orthogonal space vector components
of the output to the input. The ω-multiplicator determines
the angular velocity at which the respective winding rotates
against the ωk -reference frame [1].

Equations (3) and (2b) serve to derive the electromagnetic
torque Te =  kr  ⋅ ×y r si z from the actual state variables. The
result is represented in the lower portion of the graph.

III.  L IMITATIONS

The system in Fig. 1 is now considered for the special
case of operation at very low stator frequency, ω s → 0. The
following equation can be directly read from the signal flow
diagram:

    
˜ ˜y r

h

r k r
s=

s j
l

t w w t+ + ( )−1
i , (5)

where   ỹ r  and ̃is are the Laplace transforms of the respective
space vectors.

The feedback signal that acts from the rotor to the stator
in Fig. 1 is composed of two components. The signal can be
expressed as yrb = yr (1– jω τr), and its Laplace transform is
obtained with reference to (5):
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As ω s approaches zero, the feeding voltage vector us
approaches zero frequency when observed in the stationary
reference frame, ω k = 0. As a consequence, all steady-state
signals tend to assume zero frequency, and the Laplace vari-
able s → 0. Hence we have from (6)
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since the aforementioned two components of yrb cancel. The
right-hand side of (7) is independent of ω , indicating that, at
zero stator frequency, variations of the mechanical angular
velocity ω  the rotor exert no influence on the stator. Particu-
larly, they do not reflect on the stator current as the important
measureable quantity for speed identification. Hence the me-
chanical speed of the rotor is not observable at ω s = 0.

The situation is different when operating near zero stator
frequency. The aforementioned steady-state signals are now
low frequency ac signals which get modified in phase angle
and magnitude when passing through the τ r-delay element
on the right-hand side of Fig. 1. Hence, the cancellation of
the two components of yrb is not perfect. Particularly at
higher speed is a voltage of substantial magnitude induced
from the rotor in the stator. Its influence on measurable
quantities at the machine terminals can be detected: the rotor

state variables are then observable.
To reduce the influence of parameter mismatch and noise

to a acceptable level, the stator frequency must be raised
from zero to a minimum value. The unability to operate
below this level constitutes a basic limitation for sensorless
control.

IV.  DRIVES FOR MODERATE DYNAMIC  REQUIREMENTS

4.1 Back-emf based estimation
Pioneering work in sensorless vector control was contrib-

uted by Joetten [2]. His concept uses an estimated back emf
vector ui as the key signal from which the stator voltage
reference and an estimated rotor frequency signal are gener-
ated. To this aim. the electromagnetic torque is expressed as

  
T ke r r z r r s z= =− × ⋅ ×y yi i . (8)

Referring to stator coordinates, ωk = 0, the rotor current
vector in this equation is substituted from (1b). It is further
assumed that the rotor flux magnitude changes only slowly.
The back-emf can be then approximated as

   ui
r
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d
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yt w (9)

which, after some cumputations,  leads to
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The rotor flux terms are replaced by ui using (9):
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This equation determines the signal flow graph Fig. 2, in
which ui is reconstructed with reference to (1a), (2) and (9)

u u i
i

i s s s s
s= − −r

d
d

ls t  . (12)

The rotor frequency estimator Fig. 2 forms part of the
drive control system Fig. 3. The speed control loop is linear-
ized by 1/yr* for operation at field weakening. The torque
reference signal Te* is limited in magnitude to prevent over-
load. This signal and the rotor flux magnitude determine the
rotor frequency reference ωr*. A slip controller generates the
stator frequency signal, which is used for field weakening
control and field
orientation, and
in addition to de-
termine the esti-
mated speed ̂ω .
The estimated
rotor frequency
enters here after
low pass filte-
ring to avoid sta-
bility problems
[2].

Fig. 2: Rotor frequency estimator based on
the back emf vector ui ; N: numerator
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  The stator voltage reference us*
(F) is computed in field

coordinates (superscript F). Its magnitude depends on ωs and
yr*, according to the programmed volts-per-hertz character-
istic of the machine. ω r* controls the phase angle between
us* and ui, while ui  = j.ui defines the imaginary axis of the
rotating reference frame.

The dynamic performance of this sensorless drive system
is moderate, owing to a low-pass filter τ1 in the feedback
path of the speed loop. The filter eliminates the residual
ripple content of the estimated slip. Torque rise time is around
40 ms. Dynamic control is satisfactory above 3 ... 5 % of
rated speed.

4.2 Constant volts-per-hertz control
Low-cost sensorless drives have simple control structures

suited for general purpose applications. Although being based
on the simple volts-per-hertz characteristic of the machine,
improved dynamic performance is achieved by an adequate
design of the superimposed control structure as shown in
Fig. 4, [3].

The machine dynamics are represented here in terms of
the state variables ys and yr. The system equations are de-
rived from (1) and (2) in the stationary reference frame,
ω k = 0, as

    

d
d r

l
k

y
y ys

s s
s

s r r=t su − ( )1 −− (13a)

3~
M

estimatorspeed contr.

d

slip contr.
is

su
wr

N

ˆ 

N

mains

*wr*eT

*w

ŵ 
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where τ r'  = σ lr /rr. The corresponding signal flow
graph on the right-hand side of Fig. 4 shows that the
stator flux vector is generated as the integral of
us – rs. is, where

    
is

s
s r r= 1

s l
ky y−−( ). (14)

The normalized time constant of the integrator is
unity.

The key quantity of this control concept is the
active stator current isp, computed as

i u i isp
s s

s s s= = +i uo

α βcos sinJ J (15)

from the measured stator current and the phase angle ϑ of the
stator voltage reference vector us* = us* ejϑ. The active stator
current expresses torque in the base speed range and hence is
represented by the output of the speed controller. Speed
estimation is based on the stator frequency signal ω s and the
active stator current, which is proportional to the rotor fre-
quency ω r. An inner loop controls the active stator current,
having its reference signal limited to prevent overload and
pull-out. Fig. 4 shows that the external is.rs compensation
eliminates the internal resistive voltage drop. This makes the
trajectory of the stator flux vector independent of the stator
current and the load. It provides a favorable dynamic behav-
iour of the machine and eliminates the need for the usual
acceleration limiter in the speed reference channel. The torque
rise time is around 10 ms, [3], which matches the dynamic
performance of a thyristor converter controlled dc drive.

4.3 Speed estimation based on space harmonics
Secondary effects of the machine magnetics offer a poten-

tiality for speed estimation. Zinger et al. [4] exploit rotor
slot harmonics in the airgap field, which modulate the stator
flux linkage with a frequency proportional to the rotor speed.
The corresponding components of the induced voltage are
separated from the resistive voltage drop by sensing at spe-
cially placed stator winding taps.

On condition that the number of rotor slots is not a multi-
ple of three, which is true for most machines, the desired slot
harmonic signals can be separated from the much larger

fundamental emf by taking the sum of
the three phase voltages in a wye con-
nected winding. This eliminates all
nontriplen voltage components, includ-
ing the fundamental, while the slot har-
monic voltages add up. Their frequen-
cy is a multiple of the mechanical ro-
tor speed. Harmonic components other
than the slot harmonics are suppressed
by an adaptive bandpass filter, the cent-
er frequency of which is made to track
the slot harmonic frequency using a
phase locked loop (PLL). The speed
signal is obtained from the output of
the PLL.
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5.2 Model reference adaptive system
The model reference approach (MRAS) makes use of the

redundancy of two machine models of different structures
that estimate the same state variable on the basis of different
sets of input variables. The stator model in the upper portion
of Fig. 7 serves as a reference model. Its equation is derived
in the stationary reference frame, ω k = 0, from (1a) and (2)

y r s s s s
s( )= − −∫ u i

i
r

d
d

dls t t . (18)

Its output is the estimated rotor flux vector ŷr.
The rotor model equation is obtained from (1b) and (2)

with reference to the stationary reference frame:

                
    
t t wtr

r
r r r h s= j

d
d l
y

y y+ + i . (19)

The model generates the rotor flux estimate from the meas-
ured stator current and from a tuning signal ω̂. The tuning
signal is obtained through a PI controller from an error signal
e, which represents the angular difference between the two
estimated flux vectors. As the error signal e gets minimized,
the tuning signal approaches the estimated speed ω̂ . The
rotor model as the adjustable model then produces the same
rotor flux vector as the reference model.

Accuracy and drift problems that are inherent to the open
integration in the reference model at low speed are alleviated
by using a delay element instead of an integrator in the stator
model Fig. 7. This makes the integration ineffective in the
frequency range below 1/τ1, and necessitates the addition of
an equivalent bandwidth limiter for the adjustable rotor model.
Below the cut-off frequency 1/τ1 ≈ 1 Hz, speed estimation
becomes necessarily inaccurate. Even so, reversal of speed

By integrating the fundamental emf voltages measured at
the stator winding taps, the airgap flux vector is estimated
and made the basis of a field oriented control system. Owing
to the low number of rotor slots, the speed resolution gets
poor at low speed. This entails moderate speed control dy-
namics. However, the steady-state accuracy at higher speed
is very good.

Saturation by the fundamental flux wave of the stator core
also produces triplen harmonic stator emf components. This
effect was studied by Kreindler et al. for sensorless speed
control. Their paper [5] presents preliminary results.

V.  HIGH PERFORMANCE DRIVES

5.1  Rotor field orientation
A fast current control system is usually employed to force

the stator mmf distribution to any desired location and inten-
sity in space, independent of the machine dynamics. The
dynamic order then reduces, the system being now characteri-
zed by a single complex equation which is obtained from
(1b) and (2). Referring to synchronous coordinates, ω k = ω s,
we have

    
t t w tr

r
r r r r h s= j

d
d l
y

y y+ − + i , (16)

where ω r is the angular frequency of the induced rotor volt-
ages. Fig. 5 shows that
the stator current acts as
the forcing function. It
is commanded by the
complex reference signal
is* of the current control
loop.

For dynamically de-
coupled control, all
space vectors are refer-
red to in a field oriented
dq-coordinate system.
Rotor field orientation
defines the real axis be
aligned with the rotor
flux vector. The imagi-

nary rotor flux component yrq is then zero by definition, and
all dotted signals in Fig. 5 assume zero values. The balance
at the summing point in Fig. 5 defines the condition for rotor
field orientation

  lh q r r rd=i w t y , (17)

which can be satisfied by chosing ω r appropriately. The
signal flow diagram of the motor then assumes the familiar
structure Fig. 6, permitting decoupled control of the machine
torque.

Control by rotor field orientation requires on-line identi-
fication of the rotor flux vector since the rotor state variables
cannot be directly measured in a squirrel cage machine. In a
speed sensorless system, the speed signal as well must be
obtained by estimation techniques.
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Sŷ 

r

Rŷ 
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and its phase angle

  δ = s r rw t w td∫ + ( )−tan ˆ1 . (21)

Equations (20) and (21) are derived from (17) and from the
steady-state solution isd = yrd/lh of (19) in field coordinates.

It is a particular feature of this approach that, provided the
same value of τ r is used in the rotor model and in the control
functions (20) and (21) of the speed control system Fig. 8,
accurate orientation of the injected current vector is achieved
even if value of τ r differs from the actual rotor time constant
of the machine. If the tuning controller in Fig. 7 maintains
nearly zero error, the rotor model exactly replicates that
dynamic relationship between the stator current vector and
the rotor flux vector which exists in the actual motor [6].
However, the accuracy of speed estimation, reflected in the
feedback signal ω̂  to the speed controller, does depend on
the error in τ r. Parameter mismatch of the reference model is
another source of inaccuracy.

Good dynamic performance of the system is reported by
Schauder above 2 Hz stator frequency [6].

5.3  Feedforward Control of Stator Voltages
In the approach of Okuyama et al. [7], the stator voltage

reference in field coordinates, us* (F), is basically gen-
erated as a feedforward signal. The components of
this signal are derived from (4a) under the assumption
of steady-state conditions, d/dτ ≈ 0, from which yrd =
lh isd follows, and using the approximation ω  ≈ ω s:

  u r i l isd sd s s sd= –σ w s (22a)

  

u r i l isq sq s s sd= +s w (22b)

 The d-axis current isd is replaced by its reference
value isd*. The resulting feedforward signals are rep-
resented by the framed equations in Fig. 9. The sig-
nals depend on machine parameters, which creates
the need for error compensation by a superimposed
control loop. An isd controller ensures primarily the
error correction of usd*, thus governing the machine
flux. The signal isq*, which represents the torque ref-
erence, is obtained as the output of the speed control-
ler. The speed estimate ω̂  is composed of the stator
frequency ω s and the estimated the rotor frequency
ω̂ r; the latter is proportional to the torque building
current isq. Since the torque increases when the velo-
city of the revolving field is increased, ω s and hence
the field angle δ can be derived from the isq controller.

Although the system so far described is equipped
with controllers for both stator current components,
isq and isq, the internal cross-coupling between the
input variables and the output variables of the ma-
chine is not eliminated under dynamic conditions.
This means that the desired decoupled machine struc-
ture of Fig. 5 is not realized. The reason is that the q-
axis current gets only indirectly controlled through
acceleration or deceleration of the rotating reference
frame.

To demonstrate this, the dynamic behavior of the
machine is modelled by studying the signal flow graph

through zero during a fast transient process is possible. How-
ever, if the drive is operated at zero stator frequency for
more than a few seconds, the estimated flux goes astray and
speed control is lost.

The speed control system is shown in Fig. 8. The speed
estimate ω̂  is supplied by the model reference adaptive sys-
tem Fig. 7. The speed controller generates a rotor frequency
signal ω̂ r, which controls the stator current magnitude
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Fig. 8: Speed and current controller for MRAS estimator;
CR PWM: current regulated pulsewidth modulator
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speed and rotor flux, respectively, generate the current refer-
ence vector is* = isd* + j isq* in field coordinates. This
signal is transformed into stator coordinates and handled by
a set of fast current controllers. Possible misalignment of the
reference frame is detected as the difference of the measured
q-axis current from its reference value i sq*. This error signal
feeds a PI controller, the output of which is the estimated
mechanical speed̂ω . It is added to an estimate ω̂r  of the
rotor frequency, computed from the reference values isq*
and yr*. Integration of ω s provides the field angle δ.

The estimation of the rotor flux vector yr is based on the
stator model. From (1a) and (2) we obtain the equation

 t t t t t1
r

r 1 s s s s s
sd

d
r r

d
d

yä
yä+ = − − ′



u i

i
, (23)

which is solved in stator coordinates using measured values
of the terminal currents and voltages. Fig. 12 shows the
signal flow scheme. The drift problems of an open integra-
tion at low frequency are by-passed by a band-limited inte-
gration of the high-frequency components, while replacing
the inaccurate estimation of yr at stator frequencies below
1/τ1 by the reference value yr*  in a smooth transition. Hence
yr ≈  yr*  at lower frequencies, which means that the flux
controller is virtually deactivated. However, its last output
signal isd* is maintained during low speed operation, and so
is the rotor flux magnitude. Nevertheless, field orientation
may be lost at very low stator frequency. Closed loop rotor
flux control is resumed as soon as the speed increases again.

Note that the q-axis current is directly taken as the current
component in quadrature with the estimated rotor flux vec-
tor. It carries the original information on the field angle at
higher speed. The isq-controller then adjusts the estimated
speed, and in consequence the field angle at which the stator
current is injected by the inverter control.

At 18 rpm, speed accuracy is reported to be within ± 3
rpm. Torque accuracy at 18 rpm is about ± 0.03 pu. at 0.1 pu.
reference torque, improving significantly as the torque in-
creases. Minimum parameter sensitivity exists at τ1 = τ r [8].

5.4 Stator flux orientation
An alternative approach in sensorless control is the orien-

tation of the synchronous reference frame to the stator flux
vector. Employing fast stator current control makes the stator
current vector the forcing function, and a complex first-order
system results in which the stator flux vector is a state varia-

Fig. 1 for small deviations from the state of correct field
orientation. The reduced flow graph Fig. 10 shows that the
d-axis rotor flux is then constant, denoted as yrd 0, while
nonzero q-axis rotor flux indicates a deviation. It is now
assumed that the mechanical speed ω changes. A decrease of
ω, for instance, increases ω r and hence produces negative
dyrq/dτ. Simultaneously, the component – kr ω yrd 0 of the q-
axis back-emf, which acts on the stator winding through the
machine coefficient kr /rσ τr in Fig. 10, is increased. Then i r
rises, delayed by τsr', and restores dyrq/dτ to zero after some
time. Before that, yrq has assumed a nonzero value, and field
orientation is lost.

A similar effect occurs on a change of ω s* which instanta-
neously affects dyrq/dτ, while this disturbance is cancelled
only after a delay of τsr' by the feedforward adjustment of
usq through ωs.

Both undesired perturbations are eliminated by the addi-
tion of a signal proportional to – disq/dτ to the stator frequen-
cy input of the machine controller. This compensation is
marked A in Fig. 9 and Fig. 10.

The mechanism of maintaining field orientation needs
further explanation. In the dynamic structure Fig. 1, the
signal – jωτryr, which essentially contributes to the back-emf
vector, influences upon the stator current derivative. A mis-
alignment between the reference frame and the rotor flux
vector produces a nonzero yrq value, giving rise to a back-
emf component that changes isd. Since the feedforward con-
trol of usd* is determined by (22a) on the assumption of
existing field alignment, this deviation will invoke a correct-
ing signal from the isd controller. The signal is made to
influence, through a gain constant kq, upon the quadrature
voltage usq* (channel B in Fig. 9 and Fig. 10) and hence on
isq as well, causing the isq controller to accelerate or deceler-
ate the reference frame to reestablish accurate field alignment.

Torque rise time of this scheme is reported around 15 ms;
speed accuracy is within ± 1% above 3% rated speed and ±
12 rpm at 45 rpm [5].

5.4  Estimation of rotor flux and torque current
A sensorless rotor flux orientation scheme based on the

stator model is described by Ohtani [8]. The upper portion of
Fig. 11 shows the classical structure in which controllers for
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ble. The machine equation is obtained from (16) and (2),
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which defines the signal flow graph Fig. 13. This structure is
less straightforward than its equivalent at rotor flux orienta-
tion, Fig. 5. The condition for stator flux orientation, ysq = 0,
can be read from the balance at the upper summing point in
Fig. 13
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−( ) , (25)

taking into account that the dotted lines represent signals of
zero magnitude at stator flux orientation. The dynamic struc-
ture is then simplified as shown in the shaded area of Fig. 14.

The torque command has now an undesired influence on
the stator flux. Xu et al [9] propose a decoupling arrange-
ment, shown in the left of Fig. 14, to eliminate the cross-
coupling between the q-axis current and the stator flux. The
decoupling signal depends on the rotor frequency, which is
estimated based on (25):
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Fig. 14 shows that the internal influence of isq is cancelled by
the external decoupling signal.

The angular mechanical velocity can be expressed as
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Fig. 14: Machine control at stator flux orientation using an external
dynamic decoupler
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from which
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(28)

is obtained. The stator flux vector ys is generated by open
integration. Fig. 15 shows the signal flow schematic. Drift
and accuracy problems are minimized by employing a fast
signalprocessor, selfcalibrating A/D converters of high sam-
pling rates, and automated parameter initialization [10].
Smooth operation is achieved at 30 rpm with rated load torque.

VI.  ADAPTIVE OBSERVERS

The accuracy of the open loop estimation models descri-
bed in the previous chapter reduces as the mechanical speed
reduces. The limit of acceptable performance depends on
how precisely the model parameters can be matched to the
corresponding parameters in the actual machine. It is partic-
ularly at lower speeds that parameter deviations have signif-
icant influence on the steady-state and dynamic performance
of the drive system.

The robustness against parameter mismatch and signal
noise can be improved by employing closed loop observers
for the  estimation of the state variables, and possibly of the

Fig. 15: Speed and rotor frequency estimator for control of the
system Fig. 14;  N: Numerator
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system parameters.

6.1 Full order nonlinear observer
A full order observer can be constructed from the machine

equations (4). The stationary coordinate system is chosen,
ω k = 0, from which the machine model in the upper frame in
Fig. 16 results.

Adding an error compensator to the model establishes the
observer. The error between the model current and the ma-
chine current is ei = î s – i s. It is used to generate corrective
inputs to the dynamic subsystems of the stator and the rotor,
which yields the observer equations from (4):
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Kubota et al. [11] select the complex gain factors G(ω̂)
such that the two complex eigenvalues of the observer
λλλλλ1,2 obs = k . λλλλλ1,2 mach, where λλλλλ1,2 mach are the machine
eigenvalues, and k > 1 is a real constant. The value of k scales
the observer by pole placement to be dynamically faster than
the machine. Given the nonlinearity of the system, the result-
ing complex gains Gs(ω̂) and Gr(ω̂) in Fig. 16 depend on the
the estimated angular mechanical speed ω̂  [11].

 The signal ω̂  is also required to adapt the rotor structure
of the observer to the mechanical speed of the machine. The
signal is obtained through a PI controller, primarily from the
current error ei . More specifically, the term |yr × εεεεε i |z repre-
sents the torque error. It is computed to include also the sign
of the deviation between the estimated speed and the actual
speed. Minimum speed is reported as 0.034 p.u. or 50 rpm.

6.2 Sliding mode observer
The effective gains of the error compensator can be in-

creased by using a sliding mode controller to tune the ob-
server for speed adaptation and for rotor flux estimation.
This method is proposed by Sangwongwanich and Doki [12].
Fig. 17 shows the dynamic structure of the error compensa-
tor. It is interfaced with the machine model the same way as
the error compensator in Fig. 16.

 In the compensator, the current error vector ei is used to
define the sliding hyperplane. The estimation error is then
forced to zero by a high-frequency nonlinear switching con-
troller. The switched waveform can be directly used to exert

a compensating influence on the machine model, while its
average value controls an algorithm for speed identification.
The robustness of the sliding mode approach ensures zero er-
ror of the estimated stator current. The H∞-approach is used
for pole placement in observer design to minimize the rotor
flux error in the presence of parameter deviations. The prac-
tical implementation requires a fast signalprocessor. The au-
thors have operated the system at 0.036 p.u. minimum speed.

6.3 Extended Kalman filter
Kalman filtering techniques can be based on the complete

machine model, which is the same as shown in the upper
frame in Fig. 16. The machine is modelled as a 5th-order
system, introducing the mechanical speed as an additional
state variable. Since the model is nonlinear, the extended
Kalman algorithm must be applied. It linearizes the nonlinar
model in the actual operating point. The corrective inputs to
the dynamic subsystems of the stator, the rotor, and the
mechanical model are derived such that a quadratic error
function is minimized. The error function is evaluated on the
basis of predicted state variables, taking into account the
noise in the measured signals and in the model parameter
deviations. The statistical approach reduces the error sensi-
tivity, permitting also the use of models of lower order than
the machine.

Henneberger et al. [13] have reported an experimental
verification of this method using machine models of 4th and
3rd order. This relaxes the extensive computation require-
ments to some extent; the implementation, though, requires
floating-point signalprocessor hardware.

6.4 Reduced order nonlinear observer
Hori et al. [14] use a nonlinear observer of reduced dy-

namic order for the identification of the rotor flux vector.
The model, shown in the right-hand side frame in Fig. 18,

is a complex first order system based on the rotor equation
(8). It receives the measured stator current vector as an input
signal. The error compensator, shown left, generates an ad-
ditional model input
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which can be interpreted as a stator current component that
reduces the influence of model parameter errors. The field
transformation angle δ as obtained from the reduced order
observer is independent of rotor resistance variations [14].
The complex gain Gr(ω̂) ensures fast dynamic response of
the observer by pole placement. The reduced order oberserv-
er employs a model reference adaptive system as in Fig. 5 as
a subsystem for the estimation of the rotor speed. The esti-
mated speed is used as a model input.

VII.  COMPARISON

Controlled induction motor drives without speed sensor
extract information on the mechanical shaft speed from meas-
ured stator voltages and currents at the motor terminals. The
majority of speed identification methods rely on the approx-
imated fundamental model of the machine. The use of the
stator equation, particularly the integration of the stator volt-
age vector, is common for all methods. Its solution is fairly
accurate when the switched stator voltage waveform is meas-
ured at high bandwidth, and when the parameters that deter-
mine the contributions of the resistive and the leakage volt-
age components are well known. As the influence of these
parameters dominates the estimation at lower speed, the
steady-state accuracy of speed sensorless operation tends to
be poor in the low speed range. The dynamic performance
depends on the accuracy of field angle estimation, which is
also parameter dependent.

Robust estimation techniques and parameter identifica-
tion by self-commissioning or by on-line tuning have the
potentiality of reducing the estimation errors. The limit of
tolerable performance can be then extended to lower speed
levels; stable operation at zero stator frequency, though, is
not possible with the fundamental model of the machine,
which then becomes unobservable. However, a fast reversal
of speed through the point of zero stator frequency is not a
problem with most methods. Hence the benefit of reducing
the lower speed limit by more sophisticated identification
techniques may not always appear worthwhile for many ap-
plications.

The graph Fig. 19 gives a comparison of different meth-
ods for speed sensorless control in terms of the torque rise

time tr and the low speed limit of stable operation. The data
has been taken from the cited references; it should be con-
sidered approximate, since the individual test und evaluation
conditions may differ. The steady-state speed accuracy at the
lower speed limit depends on the accurate setting of the
model parameters and hence varies with parameter drift.

VIII.  SUMMARY

Controlled ac drives without mechanical sensors for speed
or motor shaft position have the attraction of lower cost and
higher reliability. A variety of sensorless controlled ac drive
schemes are available for practical application. Speed esti-
mators are used for moderate dynamic requirements. High-
performance vector control requires a flux vector estimator
in addition. The robustness of a sensorless ac drive can be
improved by adequate control structures and by parameter
identification techniques. Depending on the respective ap-
proach, sensorless control can be achieved over a base speed
range of 1:100 to 1:150 at very good dynamic performance.
Preference for industrial application will certainly be given
to algorithms that can be implemented in standard microcon-
troller hardware.
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