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MEXICO MEXICO

jmorenop@ii.unam.mx gerardoe@servidor.unam.mx

Resumen— The observer design problem for sensorless
Induction Motors is approached in this paper. The followed
methodology exploits some properties of the error dynamic
that make feasible to express this system as a feedback
interconnection, subject to a disturbance signal, of two
subsystems that can be rendered passive via a proper choice
of the output injection terms. A semiglobal convergent low
order observer is proposed that simultaneously estimates
rotor fluxes and motor speed in presence of unknown constant
load torque. The convergence properties are obtained from
the passivity properties of the error dynamic. The proposed
scheme is evaluated via numerical simulations obtaining
remarkable results even for stator voltages of very low
frequency. Derecho reservadoc© UNAM-AMCA.

Palabras clave: Sensorless control, Sensorless observers,
Induction motors.

I. I NTRODUCTION

Sensorless Control of Induction Motors (SCIM) is a
research issue that has attracted the attention of both the
applied and theoretical control communities (Rajashekara
et al, 1996). The first because its practical implications,
cost dropping and reliability improvement, while the second
since it states the control of a highly nonlinear system
whose state is not completely available for measurement, its
parameters are uncertain and that is subject to a disturbance
(the load torque) which depends on the unmeasurable states.

Due to the fact that the main concern in SCIM is to avoid
the use of position/speed sensors, in addition to the well–
known limitation about the impossibility for using rotor
(flux and/or current) sensors, it is natural to approach this
problem from an estimation/observation perspective.

Roughly speaking, the solutions that can be found in the
literature can be divided into two types, namely: Those
obtained by approaching the problem from a parameter
estimation perspective and those which consider it as an
observer design problem.

In the parameter estimation context, the main assumption
is that motor speed changes slowly compared to the electri-
cal variables. Thus, it can be viewed as anunknown constant
parameterallowing for the possibility to apply well-known
(linear) techniques. Unfortunately, the dynamic behavior of
these schemes is quite restricted in applications where high
performances are required.

The second approach comes from the observer design
perspective by considering that speedis not constant.

Although the limitations for solving this problem were
known in a practical setting (Harnefors, 2000) and some
efforts were carried out trying to explain them (Canudas et
al, 2000), it was just recently recognized that the stumbling
block for the observer design lies in the existence of indis-
tinguishable trajectories of the sensorless induction motor
model, i.e. pairs of different state trajectories with the same
input/output behavior, leading to the conclusion that is not
possible to build neither global nor local observers in the
sense that always will exist unobservable state trajectories
(Ibarra–Rojas et al, 2004).

Designing a simultaneous flux and speed observer has
been approached from several perspectives, e.g. in (Marino
et al, 2005), an speed observer is designed embedded
in a Field Oriented Controller. Unfortunately only local
convergence around prescribed state trajectories is achieved.

Extending the system state in order to obtain a linear
representation with respect to the unmeasurable variables
is another approach followed in (Besancon et al, 2003).
An additional alternative comes from the application of
algebraic techniques like in (Ibarra, 2005).

In this paper the observer design problem for estimat-
ing simultaneously rotor fluxes and speed of sensorless
induction motors (IM) is approached. The followed design
methodology is the usual in the sense that, given a copy
of the system, the error dynamic is obtained and some
output injection terms are designed in order to stabilize this
system. However, the reported result is characterized for
some particular features, namely:

The design is carried out taking as a fundamen-
tal tool the input/output (passivity) theory (van der
Schaft, 2000).
The proposed observer shows semiglobal convergence
properties in presence of anunknown constantload
torque and is of low order, with respect to previously
reported results.
The scheme does not aim at using integration of
variables, eliminating this source of uncertainty.
The relationship between observer convergence and
the Indistinguishable Dynamics reported in (Ibarra–
Rojas et al, 2004) is clearly established.

The rest of the paper is organized as follows: In section II
the observation problem together with the IM error dynamic
are stated. The limitations imposed by the existence of
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unobservable trajectories is briefly reviewed in section III.
The observer design is carried out in section IV. The
numerical evaluation of the proposed scheme is included in
section V to end the paper with some concluding remarks
in section VI.

II. PROBLEM FORMULATION

Consider the standard2φ equivalent model of the unsat-
urated IM given by (Meisel, 1966)

ω̇ = −fω + αψT Ji− TL

J
ψ̇ = −aψ − npωJψ + Mai (1)
di

dt
= β [aψ + npωJψ − (Ma + b) i + cu]

where: rotor speedω, rotor fluxes (ψa, ψb), and stator
currents(ia, ib) are the states; stator voltagesu = [ua, ub]

T

and load torqueTL are the external signals applied to the
motor; rotor inertiaJ > 0, stator and rotor inductances
(Ls, Lr) > 0, mutual inductanceM > 0, stator and rotor
resistances(Rs, Rr) ≥ 0, the rotor frictionf ≥ 0 and the
number of pole pairsnp > 0 are the parameters,

ψ =
[

ψa

ψb

]
, i =

[
ia
ib

]
, J =

[
0 1
−1 0

]
, I =

[
1 0
0 1

]

and

α =
npM

JLr
, a =

Rr

Lr
, b =

LrRs

M
,β =

M

LrLs −M2
, c =

Lr

M

With this model at hand the sensorless observer design
problem for IM can be formulated in the following terms:

Assume that stator currents and voltages(i, u) are the
only measurable signals, the load torqueTL is an un-
measurable disturbance and all the model parameters are
known. Under these conditions construct an observer for
the unmeasurable states of the system(ψ, ω).

It is clear from the physical IM operation that on the
formulation above assumptions about the measurability of
the several variables must be included in order to deal
with a practically motivated problem. On the other hand,
it is also clear that assumption about parameters knowledge
is not a realistic one. Evidently, its inclusion is related
with the treatment facility of the problem. However, it is
included also because it is considered that if the observer
design is not feasible under this assumption, then it will
not be achievable under more stringent conditions, e.g.
uncertain parameters. In this paper the proposed observer
is developed assuming parameter knowledge although, due
to the passivity approach followed in its design, some
robustness properties could be expected.

As it is standard in observer design methodologies, it
will be assumed that the observer is a copy of the plant
corrected with an output injection to stabilize the error
dynamics. Considering the IM model (1), an observer with

the following structure is proposed

dı̂

dt
= β

[
(aI+npω̂J) ψ̂ − (Ma + b) i + cu

]
−Ki (̂ı− i) ,

·
ω̂ = −fω̂ + αψ̂T Ji− TL

J
−Kω (̂ı− i) , (2)

·
ψ̂ = − (aI+npω̂J) ψ̂ + Mai−Kψ (̂ı− i) ,

where the output injection termsKi, Kω, Kψ, that can
depend on the available signalsi, ı̂, ω̂, ẑ, ψ̂, are to be
designed.

To reach this objective the (observation) error dynamics
will be used to design the stabilizing output injection.
Defining the estimation errors asei , ı̂ − i, eψ , ψ̂ − ψ,
eω , ω̂ − ω, the error dynamics is

ėi = β [(aI+ np (ω + eω) J) eψ + npeωJψ]−Kiei ,

ėω = −feω + αeT
ψJi−Kωei ,

ėψ = − (aI+ np (ω + eω) J) eψ − npeωJψ −Kψei ,

where the fact that̂ωJψ̂−ωJψ = (ω + eω) Jeψ +eωJψ has
been used.

Introducing the variableez , βeψ + ei this error
dynamics can be written as

ėi = − [Ki + (aI+ npωJ)] ei + npβJψ̂eω+
+ (aI+ npω̂J) ez − npeωJez ,

ėω =
(
−Kω +

α

β
iT J

)
ei − feω − α

β
iT Jez , (3)

ėz = −Kzei ,

whereKz = βKψ +Ki. Taking into account the constraints
imposed in the problem formulation, the purpose is to find
some output injections terms so that the error dynamics (3)
haseT =

[
eT
i , eω , eT

z

]
= 0 as an asymptotically stable

equilibrium point. However, before doing this task, it is
useful to consider at this point the limitations imposed by
the IM model to achieve this objective. In (Ibarra–Rojas
et al, 2004) these limitations have been characterized in
terms of the so–calledIndistinguishable dynamicswhich
is a dynamical system whose solutions compose all the
unobservable trajectories of the IM motor under sensorless
operation. This characterization is briefly reviewed in the
next section.

III. I NDISTINGUISHABLE DYNAMICS AND

OBSERVABILITY

The composite system consisting of the plant (1) and the
error dynamics (3) when the output error is identically zero
ei (t) = 0, corresponds to the indistinguishable dynamics
of the system. It represents pairs of plant’s trajectories that
are indistinguishable. If they exist then the observability of
the system is lost. It has been shown in (Ibarra–Rojas et al,
2004) that the IM has indeed indistinguishable trajectories
that are not convergent, so that it is neither observable nor
detectable for every trajectory. This represents an obstacle
to the existence of (global) observers, since no observer can
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converge for every plant’s trajectory. For the stabilization of
the error dynamics (3) this means that it is not possible to
find output injection terms that rendere = 0 asymptotically
stable (locally or globally) foreveryplant’s trajectory. This
stabilization can be realized only for a subset of the plant’s
trajectories that excludes the diverging indistinguishable
ones.

The indistinguishable dynamics lives in a submanifold
J of the space state(i, ω, ψ, ei, eω, eψ) ∈ R10. When this
submanifold is contained in the submanifold(i, ω, ψ, 0, 0, 0)
then the system is observable. Now if a plant’s trajectory
(i, ω, ψ) is given and it is distinguishable, then for every
initial state of (3) ei (t) 6= 0, and therefore the output’s
error energy

∫ t

t0
‖ei (σ)‖2 dσ > 0.

The convergence of the proposed observer will be as-
sured for a class of trajectories that are distinguishable,
and the convergence properties depend on the ”distance
to unobservability” of the trajectory. To define such set of
trajectories note that the error dynamics (3) can be written
as a ”linear” systeṁe = A (t) e, y = ei = C (t) e where

A (t) =



− (aI+ npωJ) npβJ (ψ + φ) (aI+ npωJ)

α
β iT J −f −α

β iT J
0 0 0




(4)
with φ = eψ.

Definición 1: The set of trajectories of the IM for which
the pair(C (t) , A (t)) is Uniformly Completely Observable
(UCO), i.e. there existT > 0, c > 0 such that for every
t ≥ t0 ≥ 0 and everyφ (t) uniformly bounded

∫ t+T

t

ΦT (t + τ, t)CT CΦ(t + τ, t) dτ > c , (5)

whereΦ (t, t0) is the transition matrix of the system, will
be calledstrongly distinguishable (SD).

Note that for an indistinguishable trajectory the integral
is zero, and soc can be seen as a measure of the distance
to unobservability of the trajectory.

IV. OBSERVERDESIGN

Once the unavoidable limitations to design a sensorless
observer for IM have been recognized, in this section this
design problem is approached. With the aim to simplify the
presentation and due to space limitations, the result will
be presented by completely developing the case when the
load torque is aknown constantdisturbance and just stating
the proposition related to the case when this variable is
unknown.

The general methodology that is followed in developing
the proposed observer is to consider the termnpeωJez, in
the first equation of the error dynamics (3), as a disturbance.
Thus, disregarding it, the output injection terms to stabilize
the resulting system are designed and, finally, the effect
on the achieved stability properties due to the disturbance
inclusion is evaluated.

In a particular setting, the stabilization of the unperturbed
system is carried out by exploiting its passivity properties.

Specifically, it is shown that it can be represented as the
interconnection of two subsystems that, under an appropri-
ate choice of the output injection terms, can be rendered
passive. Hence, its stability properties are obtained in a
straightforward way (van der Schaft, 2000).

The error dynamics (3), when the termnpeωJez is
excluded, can be decomposed into two interconnected sub-
systems given by

Σ1 :
{

ėi = [−Ki − (aI+ npωJ)] ei + u1 ,
y1 = ei ,

(6)

Σ2 :
{

ė2 = A2e2 + B2u2 ,
y2 = C2e2 ,

where

A2 =
[ −f −α

β iT J
0 0

]
, B2 =

[
Kω − α

β iT J
Kz

]
, (7)

C2 =
[

npβJψ̂ , (aI+ npω̂J)
]

, e2 =
[

eω eT
z

]T
,

and interconnection constraintu1 = y2 andu2 = −y1.
The basic idea of the design is to show thatΣ1 can be

rendered strictly passive fromu1 → y1 and thatΣ2 can
be rendered passive fromu2 → y2, leading to the result
that the closed loop system is internally stable. This basic
step is complemented by finding conditions to guarantee
asymptotic stability and robustness with respect to the
perturbation termnpeωJez.

IV-A. Passivation of subsystemΣ1

The required passivity properties for systemΣ1 are easily
achieved by selecting as storage functionV1 (ei) = 1

2eT
i ei

and noting that its derivative along the trajectories ofΣ1 is

V̇1 (ei) = eT
i ėi = eT

i [−Ki − aI] ei + yT
1 u1 .

Hence, if the output injection is selected, for example, as

Ki = kiI; ki ≥ 0 (8)

this subsystem becomes (state) strictly passive.

IV-B. Passivation of subsystemΣ2

Regarding the systemΣ2 it must be noted that, since its
internal dynamics cannot be modified by output injection, it
has to be at least stable for achieving the desired passivation.
This fact is stated in the following

Proposicíon 1: SystemΣ2 is internally uniformly stable
if

1. i (t) is uniformly bounded andf > 0, or
2. i (t) and

∫ t

0
i (τ) dτ are uniformly bounded andf =

0.
Moreover, under the same conditions

V2 (t, e2) =
1
2
eT
2 P (t) e2;

with

P (t) =
1
k

[
1 gT (t)

g (t) g (t) gT (t) + I

]
; k > 0

g (t) =
α

β
JT exp (−ft)

∫ t

0

exp (fτ) i (τ) dτ (9)
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is a positive definite, decrescent quadratic Lyapunov func-
tion that assures uniform stability.

Demostracíon: The (time-varying) eigenvalues of the
Lyapunov matrix are calculated from the characteristic
polynomial (it is enough to consider the casek = 1) given
by

p (s) = (s− 1)
[
s2 − (

g2
1 (t) + g2

2 (t) + 2
)
s + 1

]

These roots are always positive iff‖g (t)‖ is uniformly
bounded, condition that is achieved iff conditions (1) and
(2) in the text of the proposition hold. Moreover it can be
shown that

Ṗ (t) + AT
2 P (t) + P (t)A2 = −2f

k

[
1 gT

g ggT

]
≤ 0 .

Hence from Lyapunov’s theoremΣ2 is internally uniformly
stable, andV2 (t, e2) is a Lyapunov function.
Remark 1.Notice that sinceΣ2 is structurally defined by
two integrators, it cannot be asymptotically stable. This fact
will be reflected in the result that strict passivity could not
be obtained since asymptotic stability is required for it.

Once the stability ofΣ2 has been established, using
V2 (t, e2) as a storage function it is possible to render it
passive. For this consider the time derivative ofV2 (t, e2)
along the trajectories of systemΣ2 given by

V̇2 (t, e2) = −f

k
eT
2

[
1 gT

g ggT

]
e2 + eT

2 P (t)B2u2 .

From this last expression it can be noted thatΣ2 is passive
if

P (t)B2 = CT
2 , (10)

whereB2, C2 are given in (7). Note thatB2 given by this
expression can be realized, sinceP andC2 depend only on
available signals. In fact this condition is achieved if the
output injection gains are selected as

Kω=
α

β
iT J+ k

[
npβ

(
1 + gT (t) g (t)

)
ψ̂T JT + (11)

+ −gT (t)
(
aI+ npω̂JT

)]

Kz = k
(
−npβg (t) ψ̂T JT + aI+ npω̂JT

)
(12)

Remark 2.At this point and due to the obtained passivity
properties forΣ1 andΣ2, it is possible to conclude that its
interconnection is also passive and internally stable (van der
Schaft, 2000). This fact will be used in the next section in
order to obtain the structure of proposed sensorless observer.

IV-C. Convergence of the observer

The main result of the paper is the following
Teorema 1:Consider the IM model (1). Assume that

A.1 The only measurable signals are(i, u).
A.2 The load torque is aknownfunction.
A.3 All parameters are known.

Under these conditions, the sensorless observer defined
by (2), with output injection gains given as in (8), (11),
(12), with Kψ = (Kz −Ki) /β, satisfies:

1. For every pair(r, ε), such thatr > ε > 0, and
any trajectory of the plant with bounded state, if
the initial estimation error belongs to the setCr =
{|eω| ≤ r , ‖ez‖ ≤ r}, bounded ineω andez, it will
converge to the compact setCε = {‖ei‖ ≤ ε} ∩ Cr,
and will stay there for all future times.

2. If the trajectory is SD (see Definition 1) the estimation
error is finally and uniformly bounded.

3. Moreover, if the level of distinguishabilityc in (5) is
large enough the estimation error converges uniformly
and asymptotically.

Demostracíon: The internal stability of the observer
can be proved usingV (t, e) = V1 (ei) + V2 (t, e2) as
Lyapunov function candidate. To prove the unperturbed
case, notice that

V̇ (t, e) = − (ki + a) eT
i ei − f

(
eω + eT

z g
)2 ≤ 0 .

This implies that the system is (globally) uniformly stable.
Moreover, sinceV̇ (t, e) ≤ − (ki + a) eT

i ei, when f ≥ 0,
it follows that the error trajectories converge to the set
{ei = 0}, i.e. to the manifold of indistingushable trajec-
tories. If the plant’s trajectory is at least detectable, then
e (t) → 0.

When f > 0, and assuming boundedness of all signals,
Barbalat’s lemma implies thaṫV (t, e) → 0, and so the error
trajectories converge to the set

{
ei = 0 , eω + eT

z g = 0
}

.
Note that these conditions implẏeω+eT

z ġ = ėω−feT
z g (t)+

α
β eT

z JT i (t) = ėω + feω + α
β eT

z JT i (t) = 0, i.e. ėω =
−feω − α

β iT Jez. This means thatV̇ (t, e) = 0 for the
indistinguishable trajectories.

Under additional assumptions on the plant’s trajectories
global and uniformly asymptotic stability of the observer
can be assured. For strongly distinguishable (SD) trajecto-
ries (see Definition 1) it follows from standard results for
linear time varying systems that the feedbackΣ1, Σ2 has
a globally and uniformly asymptotically stable equilibrium
point.

Now consider the true observer with the ”feedback per-
turbation term”−npeωJez included. The derivative of the
Lyapunov function candidate is

V̇ (t, e) = − (ki + a) eT
i ei − f

(
eω + eT

z g
)2 − npeωeT

i Jez

≤ − (ki + a) ‖ei‖2 + np |eω| ‖ez‖ ‖ei‖ .

This implies that any trajectory of the error system, with
initial condition in a cylinder in the error space, bounded
in eω and ez, Cr = {|eω| ≤ r , ‖ez‖ ≤ r}, will converge
to a compact setCε = {‖ei‖ ≤ ε} ∩ Cr, and will stay
there for all future times. Makingki sufficiently large every
pair (r, ε), for example withr large and smallε, can be
selected. This assures for every trajectory of the plant,
indistinguishable or not, thatei will be small, but noteω

or ez. For SD trajectories the condition (5) implies that
if the output energy‖ei (t)‖2 is small so is also the state
energy‖e (t)‖2. Since UCO for(C (t) , A (t)) implies UCO
for (C (t) , A (t) + K (t)C (t)) for any boundedK (t), for
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SD trajectories the error will converge to a setSδ =
{‖ei‖ ≤ ε , |eω| ≤ δ , ‖ez‖ ≤ δ}. Note thatδ depends on
ε and c, the ”level of distinguishability” of the plant’s
trajectory. This shows that for SD trajectories the estimation
error is finally and uniformly bounded. The final bound
depends on the value ofki and the level of distinguishability
c of the actual trajectory. Finally, since for SD trajectories
the linearized system is uniformly and asymptotically stable,
there exists by the first Lyapunov’s theorem a ballBβ =
{‖e‖ ≤ β} of initial conditions for the error system such
that exponential stability is given. It follows that ifki

andc are large enough, the error trajectories will converge
uniformly and asymptotically to the origine = 0.
Remark 3.An important feature of the observer is that,
selectingki large enough, error trajectories initiating in an
arbitrary compact set of the state space of the error system
is bounded, even if it is unobservable. For asymptotic
stability of the estimation error it is required that the
plant’s trajectory is sufficiently observable, i.e.c in (5) is
large enough. This result is coherent with the observability
analysis of (Ibarra–Rojas et al, 2004).
Remark 4.The dimension of the observer isnO = n+2 =
7: the number of state variables of the plant (5) plus 2
state variables to realize the linear filter required to generate
the signal g (t) (9). This is relatively low compared to
several results in the literature for which Ricatti Differential
Equations have to be solved, increasing the number of
states.

IV-D. Design with constant and unknown load torqueTL

The observer design for the case whenTL is constant but
unknown follows exactly the same procedure of the previous
paragraph. So the differences will be briefly explained.

If the load torque is constant but unknown, the error
dynamics, excluding the perturbation term, can be also
decomposed in two subsystems as in (6), but with

A2 =



−f −α

β iT J − 1
J

0 0 0
0 0 0


 , B2 =




Kω − α
β iT J

Kz

KT


 ,

(13)

C2 =
[

npβJψ̂ (aI+ npω̂J) 0
]

, e2 =
[

eω eT
z eT

]T
.

SubsystemΣ1 can be rendered strictly passive as in the
previous case.Σ2 can also be rendered passive selecting
appropriatelyKω, Kz andKT .

Corresponding to Proposition 1, systemΣ2 is internally
uniformly stable if it is consideredV2 (t, e2) = 1

2eT
2 P (t) e2,

where

P (t) =
1
k




1 gT
1 (t) g2 (t)

g1 (t) g1 (t) gT
1 (t) + I g1 (t) g2 (t)

g2 (t) g2 (t) gT
1 (t) g2

2 (t) + 1




g (t) =
[

g1 (t)
g2 (t)

]

= exp (−ft)
∫ t

0

exp (fτ)
[ α

β J
T i (τ)
1
J

]
dτ

with k > 0.
UsingV2 (t, e2) as a storage function forΣ2 it is possible

to render it passive. For this take the derivative ofV2 (t, e2)
along the trajectories of systemΣ2

V̇2 (t, e2) = −f

k
eT
2

[
1 gT

g ggT

]
e2 + eT

2 P (t)B2u2 ,

so thatΣ2 is passive ifP (t)B2 = CT
2 . Thus,Σ2 is passive

from u2 → y2 with storage functionV2 (t, e2) if the output
injection gains are selected as

Kω=
α

β
iT J+ k

[
npβ

(
1 + gT (t) g (t)

)
ψ̂T JT + (14)

− gT
1 (t)

(
aI+ npω̂JT

)]
,

Kz = k
(
−npβg1 (t) ψ̂T JT + aI+ npω̂JT

)
, (15)

KT = −knpβg2 (t) ψ̂T JT . (16)

Under these condition the observer given by

dı̂

dt
= β

[
(aI+npω̂J) ψ̂ − (Ma + b) i + cu

]
−Ki (̂ı− i) ,

·
ω̂ = −fω̂ + αψ̂T Ji− T̂L

J
−Kω (̂ı− i) , (17)

·
ψ̂ = − (aI+npω̂J) ψ̂ + Mai−Kψ (̂ı− i) ,
·
T̂L = −KT (̂ı− i) ,

with output injection gains given as in (8), (14), (15), (16),
with Kψ = (Kz −Ki) /β, satisfies propierties equivalent
to those stated in Theorem 1.
Remark 5.The basic design idea for both observers (2)
and (17) is the same. For the latter the subsystemΣ2 is
slightly more complex. If the speed is known the same
procedure leads to an observer, where the internal dynamics
of subsystemΣ2 can be modified by the output injection,
and the perturbation error desapears.
Remark 6.The lack of observability for the system with
unknown load torque has two possible sources: the lack
of distinguishability of state trajectories and/or the lack of
identifiability of the parameterTL. SD trajectories have to
be persistently exciting enough to estimate the states and
the parameter.

V. SIMULATION RESULTS

To test the performance of the proposed observers some
simulation results will be presented. The Load Torque is
assumed unknown, so that all simulations were done using
the observer (17). An IM with the following parameters
was used:Lr = 0,076 H, Ls = 0,142 H, Rr = 0,93 Ω,
Rs = 1,633 Ω, M = 0,099 H, np = 2, J = 0,029 Kg
m2, f = 0,13 s−1. As excitation sinusoidal stator voltages
are usedu1 (t) = V sin (wt), u2 (t) = V cos (wt), with
nominal valuesVN = 220

√
3 V. and wN = 60 Hz. The

Load Torque applied was constant of valueTL = 10 N.
It is assumed that the parameters of the IM are perfectly
known, except for the Load Torque that is estimated on
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line. The observer gains are the same in all simulations and
wereki = 1000 andk = 20.

With the aim to evaluate the observer performance under
stringent conditions, in Figure 1 the frequency of excitation
is 1% of its nominal value, i.e.w = 0,6 Hz., so that
system’s trajectories are nearer to the indistinguishability.
To mantain the stator currents in acceptable values the
excitation voltage was reduced with respect to its nominal
value to V = VN/4. The estimation errors converge to
zero, but due to the lost of persistency of excitation of the
trajectories the convergence ofeψ andeT are slower. This
is in accordance to the results of the main Theorem.
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Figura 1. Estimation errors under low excitation frequency.

Finally in Figure 2 the frequency of excitation has been
dropped to zero, i.e.w = 0, so that the stator voltages
are two constant valuesu1 = VN/10 and u2 = −VN/10.
The Load Torque isTl = 0 Nt. in the intervalt = [0, 2]
and is changed abruptly toTl = 100 Nt. in the interval
t = [2, 4]. This corresponds to the extremal case of loss
of observability of the IM, so that no observer is able
to estimate the state variables and the Load Torque. This
is clearly reflected in the simulations, so that none of
the estimation errors converge to zero. However, note that
despite of the lack of observability, the estimation variables
are bounded. This is an important feature of the proposed
observer.

VI. CONCLUDING REMARKS

An observer that simultaneously estimates rotor fluxes
and speed for a sensorless induction motor was presented.
The proposed scheme guarantees semiglobal convergence
properties in presence of an unknown constant load torque
although for its design it is assumed that the rest of the
motor parameters are known. Due to the fact that the
stability properties of the proposed scheme were derived
by using input/output (passivity) properties of the error
dynamics, the order of the observer (7th order) is notably
lower than the order of the reported results found in the
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Figura 2. Estimation errors under zero excitation frequency.

literature. The dynamic behavior, evaluated via numerical
simulations, is remarkable both for nominal conditions and
for some critical (unobservable) operation regimes like very
low frequency stator voltages.
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