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Nonadaptive Rotor Speed Estimation of
Induction Machine in an Adaptive

Full-Order Observer
Marcin Morawiec , Paweł Kroplewski , and Ikechukwu Charles Odeh

Abstract—In the sensorless control system of an induc-
tion machine, the rotor speed value is not measured but
reconstructed by an observer structure. The rotor speed
value can be reconstructed by the classical adaptive law
with the integrator. The second approach, which is the main
contribution of this article, is the nonadaptive structure
without an integrator. The proposed method of the rotor
speed reconstruction is based on an algebraic relation-
ship – the rank of the mathematical model of the observer
system is not increased. However, the problem with the
stabilization of the observer structure does exist. For near
to zero rotor speed or in the regenerating mode of an
induction machine, the speed observer structure can be
unstable. Therefore, in this article, the new stabilization
functions are proposed. The stability is provided by the
Lyapunov theorem and the practical stability theorems in
which the uncertainty of parameters is considered. In the
proposed solution, the newly introduced stabilization func-
tions guarantee observer stability during both the motor-
ing and regenerating conditions at the chosen low rotor
speed ranges and for different load torque values. All the
theoretical considerations were confirmed by simulation
and experimental tests during the chosen working modes
and uncertainties of nominal parameters of the induction
machine.

Index Terms—Adaptive estimation, induction machines,
observers.

NOMENCLATURE

“^” Estimated values.
“∼” Error of estimated values.
Rr, Rs Rotor and stator resistance.
Lm Main inductance.
Ls,r Stator and rotor inductances.
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J, TL, Te Inertia, load, and electromagnetic torque.
isα, β Stator current vector components.
usα, β Stator voltage vector components.
ψrα, β Components of the rotor flux vector.
ωr Rotor angular speed.

I. INTRODUCTION

THE squirrel-cage induction machines (IM) are widely used
in industrial drive systems due to their relatively simple

construction and good dynamic properties. However, in order to
achieve good performance and high dynamic a feedback closed-
loop control system and an observer structure should be applied.
Such a control system is named sensorless and it increases
reliability in addition to the speed sensor. An estimator is used to
reproduce the value of the state variables and rotor angular speed
or position. Methods of rotor angular speed reproduction can be
divided into three main groups [1]: Physical, algorithmic, and
neural network. The large popular group is algorithmic in which
the speed observer structure is based on the mathematical model
of IM. Algorithmic methods include the state observer (full
and reduced-order), e.g., [2], the full-order adaptive observer
(AFO) [3]–[10], Kalman filter [11], [12], structures based on
sliding technique [13]–[15], or backstepping structures [16].
Due to the simplicity of implementation, the large subgroups
are structures based on the reference model reference adaptive
system (MRAS) model [9], [10]. Similar to AFO, the rotor
angular speed is obtained employing the classic adaptation law,
using a PI integrator or proportional integration regulator. The
other approach to the estimation of the state variables of IM is to
extend the mathematical model of the machine with an additional
state variable based on it (auxiliary state). The rotor speed can
be obtained by using a suitable algebraic transformation of esti-
mated state variables. The speed estimation method proposed in
[11] and [12] is characterized by many observer tuning gains and
a complicated form of stabilizing functions. In [13], the structure
of the observer is based on the backstepping technique, which
significantly reduced the number of tuning gains compared to
[12], however, the observer model was extended by an additional
integrator. Presented in [3] and [4], sensorless control system
structures have often poor or limited performance in the low-
speed regenerating region [6]–[8]. This region can be defined as
follows: Zero rotor speed, operation near to zero speed (less than
10 r/min) with the nominal load torque value from motoring to
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regenerating IM modes. The nonadaptive approach presented
in [14]–[16], and [18] is more complicated and therefore can be
unattractive in industrial applications. The AFO or MRAS speed
observer structures are not complex like nonadaptive through
which the computing time is shorter. However, the performance
in the low-speed regenerating region cannot be always reached.
Therefore in recent years, the stability problem of the AFO
speed observer structures is studied. In [5], the feedback matrix
was developed by the Routh–Hurwitz criterion to reduce the
unstable region under low-speed regenerating mode. Stability
analysis of AFO with the gains is presented in [5]–[8] using the
Lyapunov theory. These gains were calculated to be adaptively
dependent on the IM variables and parameters. Apart from the
feedback matrix, the speed adaptive law has a significant role in
the stability of IM. It was modified with an additional shift angle
to improve stability [2]. Thus, the unstable regenerating region
was significantly reduced. In [9], and [21], an auxiliary adaptive
variable was introduced to stabilize the AFO. In summary,
stabilization solutions for AFO structures presented in [1], [2],
[5]–[7], and [9] can be divided into a few groups: 1) Through
the suitable feedback matrix [5], [8], 2) introducing a shift angle
to the classical speed estimation law [1], [2], 3) introducing
the auxiliary variables [9], [21], and adaptation of the value
of these variables. The comparative study of chosen methods
was presented in [9]. Each of the approaches presented above
has some advantages and disadvantages. In this article, the new
approach for stabilization of AFO structure is presented. The
idea is based on a modification of classical adaptation law and
extending it by a simple introduced stabilization function. In
a general form, the classical adaptive law contains a vector
product of two different vectors [1], [2], [5], [7], [9], [10]. It
follows the design procedure. However, the analysis proposed
in Section III allows the use of the scalar product, and thus
modification of classical adaptive law. The proposed solution
gives an improvement of the IM properties in open as well as in
the closed-loop control system.

In the AFO with classical adaptation law [1], [2], [5], [7],
[9], [10] the rank of the speed observer is increased due to
integrator structure. As is noticed in Section IV it is possible to
obtain the value of the estimated rotor speed by using simply an
algebraic equation. Through this, the rank of the observer does
not change and the speed estimation process does not depend on
the tuning gains of PI controller/integrator [5]. The nonadaptive
speed estimation scheme presented in this article causes that the
observer structure contains only four differential equations for
the stator current vector and rotor flux vector components and
the new formula from the value of rotor speed is reconstructed.
The proposed solution is also the main contribution of this article
and can be named: Nonadaptive full order observer (NAFO). The
NAFO method of estimation presented in this article is the new
solution and has never been presented before. The first main
aim and contribution of this article are to show the algebraic
approach to obtain the estimated value of rotor speed and the
second is to show the way to enhance the AFO properties by
introducing additional feedback (Section III).

The theoretical analysis includes an asymptotic Lyapunov
theorem-based approach. If the IM reached the unobservable

area (during the low speed and regenerating mode) and the
persistent exciting condition is not satisfied then the practical
stability is established [15]. The practical stability analysis is
presented in Section III. All the presented theoretical issues are
confirmed by simulation and experimental research on a 5.5-kW
machine.

II. MATHEMATICAL MODEL OF INDUCTION MACHINE

The squirrel cage induction machine can be represented by
the differential equations for the stator current vector and the
rotor flux in (αβ) related to the stator [14], [16], [18], [20]

disα
dτ

= a1isα + a2ψrα + a3ωrψrβ + a4usα

disβ
dτ

= a1isβ + a2ψrβ − a3ωrψrα + a4usβ (1)

dψrα
dτ

= a5ψrα − ωrψrβ + a6isα

dψrβ
dτ

= a5ψrβ + ωrψrα + a6isβ (2)

and the motion equation

dωr
dτ

=
Lm
JLr

(ψrαisβ − ψrβisα)− 1

J
TL (3)

where the following designations of coefficients have been in-
troduced

a1 = −RsL
2
r +RrL

2
m

Lrwσ
, a2 =

RrLm
Lrwσ

, a3 =
Lm
wσ

, a4 =
Lr
wσ

(4)

a5 = −Rr
Lr
, a6 =

RrLm
Lr

, wσ = LrLs − L2
m. (5)

It is assumed that the machine parameters are known and
unchanging in time. In the next section, the mathematical model
of IM (1)–(2) will be used for the construction of the AFO speed
observer structure.

III. AFO SPEED OBSERVER OF INDUCTION MACHINE

The design procedure of AFO has been proposed for the first
time in [3], [4]. Based on the mathematical model of IM for
(αβ) the AFO speed observer can be determined in the following
form:

dîsα
dτ

= a1îsα + a2ψ̂rα + a3ω̂rψ̂rβ + a4usα +Δi1 + vα

(6)

dîsβ
dτ

= a1îsβ + a2ψ̂rβ − a3ω̂rψ̂rα + a4usβ +Δi2 + vβ (7)

dψ̂rα
dτ

= a5ψ̂rα − ω̂rψ̂rβ + a6îsα + vψα (8)

dψ̂rβ
dτ

= a5ψ̂rβ + ω̂rψ̂rα + a6îsβ + vψβ (9)

where “^” an estimated values are marked, vα,β and vψα,β are
stabilizing functions introduced to the structure and parametric
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uncertain terms satisfying |Δi1| ≤ η1 and |Δi2| ≤ η2 (intro-
duced only to the stator current derivatives).

The observer structure (6)–(9) is unstable if stabilizing func-
tions are equal to zero [1]–[10] vα,β = 0, vψα,β = 0 (some
observer poles are positive value). Therefore in the first stage to
design the stabilizing functions by using the Lyapunov theorem,
it is necessary to ensure the asymptotical stability of the proposed
observer structure. The following Lyapunov function should be
considered

V1 =
1

2

(
ĩ2sα + ĩ2sβ + ψ̃2

rα + ψ̃2
rβ

)
> 0. (10)

According to the procedure of determining the adaptive ad-
justing of rotor speed, the Lyapunov function (10) should be
extended to the following form:

V = V1 +
1

2γ
ω̃2
r > 0 (11)

and its derivative is negative determined

V̇1 = ˙̃isα + ˙̃isβ +
˙̃
ψrα +

˙̃
ψrβ +

1

γ
˙̃ωrω̃r ≤ 0 (12)

where

ω̃r = ω̂r − ωr, ψ̃rα,β = ψ̂rα,β − ψrα,β , ĩsα,β = îsα,β − isα,β
(13)

and γ > 0 is the tuning gain.
Model of estimation errors for (6)–(9) by using (13) has the

following form:

dĩsα
dτ

= (a1 +Δi1)̃isα + a2ψ̃rα

+ a3(ω̃rψ̂rβ + ω̂rψ̃rβ − ω̃rψ̃rβ) + vα (14)

dĩsβ
dτ

= (a1 +Δi2)̃isβ + a2ψ̃rβ

− a3(ω̃rψ̂rα + ω̂rψ̃rα − ω̃rψ̃rα) + vβ (15)

dψ̃rα
dτ

= a5ψ̃rα − (ω̃rψ̂rβ + ω̂rψ̃rβ − ω̃rψ̃rβ) + a6ĩsα + vψα

(16)

dψ̃rβ
dτ

= a5ψ̃rβ + (ω̃rψ̂rα + ω̂rψ̃rα − ω̃rψ̃rα) + a6ĩsβ + vψβ .

(17)

The observer structure will be asymptotically stable if the
Lyapunov theorem is satisfied. After substitution, the derivative
of the function (12) is as follows:

V̇ = a5(ψ̃
2
rα + ψ̃2

rβ) + ω̃r

(
1
γ
˙̃ωr − a3ψ̂rαĩsβ+

+a3ψ̂rβ ĩsα

)
≤ 0 (18)

wherein (6)–(9) the observer stabilizing functions are introduced
and should be taken

vα = −(cα +Δi1)̃isα,

vβ = −(cα +Δi2)̃isβ (19)

vψα = −cψ1ĩsα + cψω̂r ĩsβ ,

vψβ = −cψ1ĩsβ − cψω̂r ĩsα (20)

where it is assumed that ψ̃rα,β ≈ 0, and the observer gains cα
is the function of the a1 parameter (cα = f(a1) > 0) as well as
cψ = f(a3) > 0, whereas cψ1 ≥ 0, a5 < 0.

The uncertain terms are bounded |Δi1| ≤ η1, |Δi2| ≤ η2 and
under the above assumptions, the value of stabilizing func-
tions defined in (19)–(20) are not accurately determined due
to cα = f(a1) > 0, cψ = f(a3) > 0. It means that cα and cψ
are the function of the IM parameters (a1 and a3, respectively).
Therefore, the observer system is considered as the structure
with uncertain and bounded parameters.

The value of rotor speed can be reproduced from an adaptive
mechanism by using the integrator [1], [10]

dω̂r
dτ

= −γa3(̃isαψ̂rβ − ĩsβψ̂rα) (21)

assuming that ω̇r = 0 (the real speed is considered here to be
constant), therefore

˙̃ωr = ˙̂ωr (22)

Estimation of rotor speed from the law of adaptation (21) can
lead to deterioration of properties of the observer structure due to
the open loop of the integrator, as noted in [19] for the first-order
system. It influences on decreasing the sensorless control system
properties, which loses the stability near to the zero speed or for
generating IM mode. It will be seen in the next section during the
stability analysis. Therefore, it was proposed to add feedback to
improve system stability. The adaptive mechanism has the form

dω̂r
dτ

= −γa3(̃isαψ̂rβ − ĩsβψ̂rα + γ1ω̂r) (23)

where (γ, γ1) > 0.
The coupling (−γ1ω̂r) leads to improved system stability,

however, it does not immunize the observer system, which
may be susceptible to, e.g., external disturbances that were not
taken into account at the design stage (variation of machine
parameters during operation and others). Therefore, the author
of this article would like to propose three different approaches
for the improvement of rotor speed estimation.

Proposal 1: Taking into account any two vectors defined in
them (1)–(2) or (6)–(9) which are state estimates in the system
or estimation errors, between which the following relationships
occur:

	a×	b �= 0 (24)

	a ·	b ∼= 0 (25)

where 	a×	b means the vector product (cross product) of two
vectors, 	a ·	b means the scalar product, the law of adaptation
from which the rotor angular speed can be reconstructed is
generalized to the form

dω̂r
dτ

= γ(	a×	b− γ1ω̂r) (26)

where (	a,	b) is the selected pair of two vectors in the system.
The sign of expression (26) as well as additional parameters

that may appear (26) depending on the designed structure and
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directly result from the Lyapunov function from which the
stability of the observer is examined.

Proposal 2: A robust law of adaptation can be obtained by
introducing feedback, which makes expression (26) have the
following form:

dω̂r
dτ

= γ
(
	a×	b− γ1ω̂r(	a ·	b)

)
. (27)

Considering the ideal case, in which the vectors are perpendic-
ular to each other, form (26) (for γ = 0 that is classical control
law) is obtained, while in the case when 	a ·	b �= 0 additional
feedback arises compensating for uncertainties interference and
improving the robustness of the observer system. The adaptation
mechanism (23) in the considered case including (27) has the
form

dω̂r
dτ

= −γa3
(
ĩsαψ̂rβ − ĩsβψ̂rα + kcsω

)
(28)

where

sω = ĩsαψ̂rα + ĩsβψ̂rβ (29)

and

kc = kf ω̂r, kf > 0. (30)

It is worth noting that for the very low-speed range the
feedback kc = kf ω̂r ≈ 0 introduced in (28), therefore it is
better to use signum function of ω̂r or kf calculated from the
reference rotor speed what is presented in Remark 1. It yields
that the feedback (kcsω) in (28) will be in the following form
(kckfsω) in which the kf is only the sign of the rotor speed
(like in Remark 1).

In the next step, it will be shown that for the system (1)–(2), the
AFO observer (6)–(9) with the proposed stabilization functions

(19)–(20), can exponentially converge vectors values 	̂is to 	is

and 	̂ψr to 	ψr. Taking into account the theorems on the practical
stability presented in [14] and [15], the stability analysis can
be proved. Substituting (19)–(20), and (28) to the derivative of
(11), one obtains

V̇ = a5(ψ̃
2
rα+ψ̃

2
rβ)+δα

∣∣̃isα∣∣+δβ ∣∣̃isβ∣∣+(δψα+δψ1α)
∣∣∣ψ̃rα∣∣∣

+(δψβ+δψ1β)
∣∣∣ψ̃rβ∣∣∣+δc |ω̃r|+Δi1

∣∣̃isα∣∣+Δi2

∣∣̃isβ∣∣ ≤ −μV +κ

(31)
with δα1, δα2, δψα, δψβ , δψ1α, δψ1β , δc > 0 and ĩsα ≤ ε1,
ψ̃rα,β ≤ ε2, ω̃r ≤ ε3, ε1,2,3 << 1 are sufficient small real

numbers ε1,2,3 > 0 and where

cα1 = max{a1ĩsα + a2ψ̃rα −Δi1}+ δα1 (32)

cα2 = max{a1ĩsβ + a2ψ̃rβ −Δi2}+ δα2 (33)

cψα = max{a3ω̂r ĩsβ}+ δψα (34)

cψβ = max{a3ω̂r ĩsβ}+ δψβ (35)

cψ1α = max{a6ĩsα}+ δψ1α (36)

cψ1β = max{a6ĩsβ}+ δψ1β (37)

kc = max{γa3(̃isαψ̂rβ − ĩsβψ̂rα)
/
sω}+ δc (38)

and for sω �= 0.
The AFO will be practical stable if the Lyapunov function

derivatives are

V̇ ≤ −μV + κ (39)

where

μ = min

(
δα1 − 1

2ξ21
, δβ1 − 1

2ξ22
,
√
2(δψα + δψ1α),

√
2(δψβ + δψ1β),

√
2δc

)
(40)

and κ = 0.5(ξ21η
2
1 + ξ22η

2
2), ∀ξi ∈ (0, 1), i = 1, 2.

For an ideal condition (all the IM parameters are known and
constant and κ = 0) it can be assumed that cα = cα1 = cα2,
cψ1 = cψ1α = cψ1β , cψ = cψα = cψβ , and the above condition

implies the convergence of vectors values 	̂is to	is and 	̂ψr to 	ψr
in finite time, noted as t1. Consequently, for ψ̂2

rα + ψ̂2
rβ > 0, the

estimated rotor angular speed ω̂rconverges exponentially to ωr

in finite time t > t2 > t1. For κ � 0 it can be proved as in [15]
that the estimates of the observer converge to the set of radius
κ/μ depends on the IM parameters.

It should be noted that for zero synchronous frequencyωo = 0,
the IM is supplied by dc voltage, therefore the persistent exciting
condition is not satisfied [5], [23] and the observer structure is
unstable.

IV. NONADAPTIVE FULL ORDER OBSERVER

The adaptation mechanism according to [1]–[11] and (28)
requires the use of the integrator structure (to extend the observer
structure to an auxiliary state [9], [21] and based on this, estima-
tion of rotor speed). Therefore, the rank of the speed observer
structure is increased due to the integrator structure. Another
approach to determine the value of the rotor speed can be the
nonadaptive mechanism. Considering (21) it can be presented
as a combination of two expressions

dω̃r
dτ

= −γa3

⎛
⎜⎝ĩsαψ̂rβ︸ ︷︷ ︸

I

− ĩsβψ̂rα︸ ︷︷ ︸
II

⎞
⎟⎠ . (41)

If the individual expressions are considered separately, then
it can define the following equations that should occur in these
expressions so that the observer structure is kept up with the ob-
ject. Under the assumption that in the steady state the following
equality holds:

I : ĩsα ≡ γ−1ω̂rψ̂rβ (42)

II : ĩsβ ≡ −γ−1ω̂rψ̂rα (43)

then in the adjusting (estimation) process, values of esti-
mated stator current error α-component can be equivalent to
γ−1(ω̂rψ̂rβ) and the second β-component to γ−1(−ω̂rψ̂rα).

In the next step, both sides of (34) and (35) should be mul-
tiplied by ψ̂rβ and ψ̂rα, respectively, added to each other and
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transformed, in such a way as to obtain the following formula:

ω̂r = γ
ĩsαψ̂rβ − ĩsβψ̂rα

ψ̂2
r

. (44)

After substitution of (44) to (41) and after assuming (22), the
solution of (41) is

ω̃r = ω̃r0e
−ϑτ (45)

where ψ̂2
r = ψ̂2

rα + ψ̂2
rβ �= 0, ω̃r0 �= 0, and under the

assumption (22).
In (45) it has been shown that for τ → ∞, the rotor speed

estimation error will exponentially decay to zero, with the rate
of convergence equal to ϑ = a3ψ̂

2
r (assuming an ideal state in

which all the IM parameters are known and constant as well as
(Δi1, Δi2) = 0).

Proposal 3: To improve the properties of rotor angular speed
estimation (44), a feedback coupling should be introduced in
a similar way as in (27), which is a scalar product of vectors.
If (42) and (43) are multiplied by components ψ̂rβ and ψ̂rα,
respectively, and (42)–(43) by ψ̂rα and ψ̂rβ then the following
is obtained:

ĩsαψ̂rβ − ĩsβψ̂rα ≡ γ−1ω̂rψ̂
2
r (46)

ĩsαψ̂rα + ĩsβψ̂rβ ≡ 0. (47)

By adding the terms (46) to (47) on both sides and after
transformation, one obtains

ω̂r = γ
ĩsαψ̂rβ − ĩsβψ̂rα + kckfsω

ψ̂2
r

(48)

where γ = 1 p.u. and sω is defined in (29).
The value of the rotor speed can be determined from (48) from

the developed algebraic expression.
The main advantage of using the nonadaptive approach is

that the rank of the observer model is the same as the rank of IM
model (both are equal to 4, of course under the assumption of the
electromagnetic part of equations) and above all, the exclusion of
γ coefficient from the tuning process (because γ= 1 p.u.), which
has an important meaning in AFO structure and it influences the
stability of AFO speed observer structure.

Remark 1: The function kc occurring in (28) and (48) in
some operating ranges of the machine (e.g., during zero speed
and load torque changes) can be replaced by a discontinuous
form depending on the reference speed value or vector product
specified for the stator voltage and rotor flux vectors

kf = sgn (.) =

{
1(usβ îsα − usαîsβ) < 0

−1(usβ îsα − usαîsβ) ≥ 0
(49)

in the other cases, it can be satisfied for

kf = sgn (.) =

{
1(̃isαψ̂rβ − ĩsβψ̂rα) < 0

−1(̃isαψ̂rβ − ĩsβψ̂rα) ≥ 0
(50)

where the expression in the pole of sgn(.) is the numerator of
(44).

Remark 2: The vectors of the system (1)–(2) and the AFO
observer (6)–(9) can be represented in (αβ) stationary coordinate
system what can be seen in Fig. 1. It can be noticed that the

Fig. 1. Vectors in (αβ) stationary system and their angles.

Fig. 2. Regenerating mode of IM, reference speed is 0.05 p.u., after
1-s load torque is injected to 0.8 p.u for kc = 0 (Fig. 2(a)), kc � 0
[Fig. 2(b)].

vector product of the two vectors	̃isand 	̂ψr is equal to (̃isαψ̂rβ −
ĩsβψ̂rα) and the angle between these vectors are in stationary
almost π/2. Therefore its value is not equal to zero but it can
be defined like in (46), hence the vector product is equal to
γ−1ω̂rψ̂

2
r . Whereas the scalar product defines the angle between

vectors	̃isand 	̂ψr, hence it is (cos ϕ̂) therefore this value is about
zero as was noted in (47) but it allows to stabilize the observer
system and to minimize the shift angle between the real values
of vectors and estimated (of course it is assumed that the shift

angle between 	̂is and 	̂
ψr remains not changed).

Remark 2 can be supported by the simulation results of the
AFO structure in which the kc = 0 [Fig. 2(a)] and kc � 0
[Fig. 2(b)]. If the factor kc is set to zero then the error of estimated
rotor speed increases above 0.05 p.u. until the electromagnetic
torque value reaches the upper bound of limit (in the simulation
it is limited to x12˙lim = 1.0).

In Fig. 2 the following values of the shift angle are pre-
sented: ϕTer�(	is, 	ψr) - real (measured) values of vectors,

ϕTee�(	̂is, 	̂ψr) - estimated by the AFO structure, ϕeψ�(	̃is, 	̂ψr)
- real and estimated values of rotor flux vectors

For kc = 0,ϕTer �ϕTee, andϕeψ are limited to π. For kc � 0
ϕTee∼ = ϕTer and ϕeψ∼ = π, what is visible in Fig. 2(a), (b).
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Remark 3: It worth noticing that the angle

ϕ̂�(	̃is, 	̂ψr)between the vectors 	̃isand 	̂
ψr is close to π/2,

although the others have different values dependent on IM
working points. The vector which is the normal vector (created

on the base of vector product) is perpendicular to vectors 	̃isand
	̂
ψrin an ideal case but in the practical application, it can have a
different value π/2. During the IM working the vectors deviated
from each other and to minimize the proper values of angle
shifts between estimated vectors by AFO and the real values
(which are nonmeasured), the estimated rotor speed should
contain the additional stabilizing term, which was determined
in (29). The estimated rotor speed from (28) or (48) tunes the
observer system, influences vectors values and their mutual
position. Therefore, to obtain improvement observer properties,
the kc factor should be kc �= 0 for the whole IM working
condition.

Remark 4: The values in (29) introduced to the estimation
law (28) and (48) should be filtrated using the low-pass filter to
prevent the algebraic loop and smooth values of estimated rotor
speed. The filter time constant is 1/Ti = 1/ϑ p.u. due to the form
of (45) (ϑ coefficient influences the rate of speed error decay to
zero) and in the simulation was set to 1/Ti = 1/(a3ψ̂

2
r) ≈ 0.2

(for a3 = 5.08 p.u. and ψ̂2
r = 1 p.u.). However, to minimize

the oscillation in the observer structure, it is assumed that
1/Ti ≈ 0.01a3 (in the laboratory stand the coefficient 0.01 was
arbitrarily introduced and its value allows to minimize of oscilla-
tions of estimated variables by the observer structure which can
be a consequence of variability of IM during the working (from
motoring mode to regenerating) as well as additional phenomena
which are omitted).

V. STABILITY ANALYSIS OF THE OBSERVER STRUCTURE

The stability property of the speed estimation in AFO struc-
ture was studied in [5] for the different operations of IM. Authors
in [5] applied the Routh–Hurwitz criterion to obtain sufficient
conditions for stable speed estimation. In [5] the design strategy
for adaptation gain γ is shown. Based on studies presented
in [5] the stability analysis of the ideal speed observer of
the IM model is carried out. In this analysis (feedback gains)
observer tuning gains which are in (19)–(20) are chosen by
pole placement method of linearized observer structure. These
gains influence the speed of observer convergences. The tuning
gains can be specified from the model of the observer errors
(14)–(17) (nonlinear approach) or the observer structure (6)–(9)
can be linearized near equilibrium points. In the drive system,
the second approach is more desirable than the first, due to
the possibility of taking into account specific machine working
points in which it can be unstable. To examine the impact of
the observer gains on the stability range, the nonlinear observer
system (6)–(9) is linearized near the equilibrium point. The
linearized system has the general form

d

dt
Δx(t) = AΔx(t) + BΔu(t) (51)

Fig. 3. Spectrum of matrix A of the linearized observer system. The
rotor speed is changing from −1.0 to 1.0 p.u., TL = 0.8 p.u., a) cα = 5,
cψ = 0.5, γ = 0.5, γ1 = 0, kc = 0. b) cα = 5, cψ = 0.5, γ = 0.5, γ1 = 1,
kc = 0.5.

where A, B are the Jacobian matrices and Δx(t) =
[̃isd, ĩsq, ψ̃rd, ψ̃rq, ω̃r]

T , Δu(t) is treated as known control in-
puts.

The estimator system is oriented with the rotor flux vector 	ψr,

so |	ψr| =
√
ψ∗2
rd + ψ∗2

rq and the stator current vector components

and ωψ can be treated as follows:

isd =
ψ∗
rd

Lm
,=

T ∗
L

a4ψ∗
rd

, ω∗
ψ = a6

(
isq
ψ∗
rd

+ ω̂∗
r

)
. (52)

Taking into account the model of observer structure errors and
its linearization near the equilibrium point, matrix A is defined
as follows:

A =

⎡
⎢⎢⎢⎢⎢⎣
a1 + cα ωψ a2 a3ω̂

∗
r a3ψ̂

∗
rq

−ωψ a1 + cα −a3ω̂∗
r a2 −a3ψ̂∗

rd

a6 −cψω̂∗
r a5 ωs −ψ̂∗

rq

cψω̂
∗
r a6 −ωs a5 ψ̂∗

rd

γa7 −γa8 0 0 γ1

⎤
⎥⎥⎥⎥⎥⎦ (53)

where ωs = ω∗
ψ − ω̂∗

r, a7 = ψ̂∗
rq + kcψ̂

∗
rd, a8 = ψ̂∗

rd − kcψ̂
∗
rq,

and (∗) means the values for equilibrium points.
To show the influence of tuning gain kc the following working

points are assumed: ψ̂∗
rq ≈ 0.06 p.u., ψ̂∗

rd =
√

1− ψ̂∗2
rq . The

stability analysis of the AFO speed observer was presented in
detail in [1]–[11]. This article presents how the different tuning
gains, in additional feedback, influence the stability range of
linearized observer system without any disturbances. The tuning
gains are chosen arbitrarily (extreme values of the tuning gains
are chosen) to illustrate how the value of different gains influence
the placement of observer poles. The analysis in which the bode
plots of the AFO system for different IM working conditions
(motoring, regenerating), zero freq. and for the corner freq. of
adaptation PI controller gains, and taking into account feedback
gains was presented by the authors in the paper [5].

As mentioned in Section III, to stabilize the AFO structure, the
coefficients kc and γ1 were introduced. These coefficients are
represented in (53) by a7 and a8. In Fig. 3(a), the spectrum of
the matrix of the linearized observer system during the rotor
speed changing (machine reverse) from −1.0 to 1.0 p.u are
shown. The machine is loaded nominally TL = 0.8 p.u. Fig. 3(a)
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Fig. 4. Spectrum of matrix A of the linearized observer system. The
rotor speed is changing from −1.0 to 1.0 p.u., TL = 0.8 p.u., a) cα = 0.5,
cψ = 0.5, γ = 0.5, γ1 = 1, kc = 0.5. b) cα = 5, cψ = 0.5, γ = 0.1,
γ1 = 1, kc = 0.5.

Fig. 5. Spectrum of matrix A of the linearized observer system for
ωr = 1, TL = 0.8 p.u., cα = 0.5, γ = 0.5, during the changes: a) (cψ ,
kc) = 0.5 …5.0, b) γ1 = 0.1 …1, cψ , = 0.2, kc = 0.5.

shows that the AFO structure is unstable if (γ1 = 0, kc = 0)
– during the regenerating mode a few of the observer poles
have the positive value. This case was presented in [1]–[11] (for
the feedback matrix gains equal to zero, however, for γ1 = 0,
kc = 0). To stabilize the AFO structure, the feedback in the
integrator structure is added. Therefore for γ1 = 1 and kc = 0.5
and changes of the rotor speed from -1 to 1 and TL = 0.8 p.u.,
all the observer poles have negative values [Fig. 3(b)]. This test
confirms that the AFO structure is stable and the unstable region
is not reached.

In Fig. 4 the spectrum of the matrix of the linearized observer
is presented for: a) cα= 0.5 and b) cα= 5 during the changing of
rotor speed from−1.0 to 1.0 p.u. and TL = 0.8 p.u. The observer
structure is stable (the poles have negative values).

In Fig. 5 the spectrum of the matrix of the linearized ob-
server system is presented during the changes of the following
coefficients: a) (cψ , kc) = 0.5 …5.0 and b) γ1 = 0.1 …1 p.u.,
for the nominal value of rotor speed and load torque. The pole
placement presented in Fig. 1–5 show that the observer system is
stable for γ1 > 0 and different changes of other gains: cα = 0.5
and 5.0 (Fig. 4) and (cψ , kc)= 0.5 …5.0 [Fig. 5(a)]. Ifγ1= 0 then
the gain kc in (30) is equal to zero and it yields to open integrator
structure. In Fig. 3, it has been confirmed that the additional term
introduced in (28), defined in (29), allows for the displacement
of poles from unstable region to the stable one. However, the

Fig. 6. Spectrum of matrix A of the linearized AFO observer system
for TL = 0.8 p.u., cα = 1.0, cψ , = 0.2, kc = 6. (a) During the changes
γ = 0.1 …5.0, ωr = 1. b) During the changes ωr = -1 …1 in NAFO.

oscillations of the state estimations may occur if the different
values of the tuning gains will be chosen. To minimize these
oscillations, the imaginary values of poles should be closest to
zero as shown in Figs. 3(b)–5. An explanation of the meaning
of the function defined in (29), from the point of view of the
physics of the phenomenon, is presented in Sections III and IV.
Influences of changes of γ on observer stability from 0.1 to 5.0
for ωr = 1.0 and TL = 0.8 p.u. were presented in Fig. 6. For
γ= 5.0 (for increasing values of γ) the oscillation in the observer
system occurs (imaginary values poles move away from zero).
The deeper analysis of the design ofγ tuning gains was presented
in [5]. For the value of γ > 1.0, the observer structure is stiffer,
however, the oscillations of the estimation values can occur.

In the case of NAFO speed estimation scheme (48), the
stability analysis is presented below. In (48) there is kc coefficient
which influences the placement of the poles of the linearized
observer structure. Therefore, the matrix Δx(t) is considered
as Δx(t) = [̃isd, ĩsq, ψ̃rd, ψ̃rq]

T as well as the matrix A has
determined according to Δx(t) (without last row and column).

To consider the (kcsω) in the linearized structure the value
of reference speed can be calculated as ω̂∗

r = ω̂∗
r + kcs

∗
ω and

s∗ω = ĩ∗sdψ
∗
rd + ĩ∗sqψ

∗
rq ≈ 0.05 p.u. The spectrum of the matrix

is presented in Fig. 6(b). The poles of the linearized structure
always have negative values, however, if kc = 0 the poles are
moving toward zero (please compare Fig. 2(a) for kc = 0 to
Fig. 2(b) for kc � 0). Furthermore, the value of the tuning gain
kc can be determined from (38)

kc = max{
∣∣∣a3(̃i∗sdψ̂∗

rq − ĩ∗sqψ̂
∗
rd)
/
s∗ω
∣∣∣}. (54)

For γ = 1, a3 = 5.08 p.u., ω̂∗
r = 1, TL = 0.8, max{̃i∗sd,

ĩ∗sq} = 0.05 and the other values from (52), the minimum value
of kc ≈ 4.5 p.u.

In Fig. 7 influence of changes value of kc from 0 to 5.0 is
shown. It is visible in Fig. 7(a), that for kc < 0.5 the AFO
structure is unstable (for the small speed value of rotor speed
and regenerating mode), while for the same working points the
NAFO structure is stable (even if kc = 0, however, the observer
properties are not satisfied). This property of NAFO structure is
confirmed in the simulation results presented in Fig. 8.

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


2340 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 69, NO. 3, MARCH 2022

Fig. 7. Spectrum of matrix A of the linearized observer system for
ωr = 0.03, TL = -0.8, cα = 1.0, cψ , = 0.2, kc = 0 …5 p.u.. (a) AFO.
(b) NAFO.

Fig. 8. IM is reversing from 0.1 to −0.1 p.u., the constant value of load
torque is set TL = 0.7 p.u.. a) kc = 0. b) Various value of kc from 0 to
15. Simulation results.

In Fig. 8, slow (1.5 s) revers of the IM from 0.1 to -0.1 p.u. is
presented. The waveforms of estimated rotor speed ω̂r , estimated
rotor speed error ω̃r, sωfrom (29) and its filtrated value sω_f ,
estimated stator current error ĩsα, and Te value for 1) kc = 0, b)
kc is changed from 0 to 15. IM is loaded constant value of load
torque TL = 0.7 p.u.

For kc = 0 the estimation error during IM revers is about
0.03 p.u. in the transient state and the steady state it is about
0.015 p.u. However, the value of estimated electromagnetic
torque Te is not properly estimated. This phenomenon is de-
scribed in Section IV and has been shown in Fig. 2 (and it
results from the shift error between estimated and real vectors).
In this case [Fig. 8(a)], the error of the estimated stator current
component has almost 0.1 p.u. Despite this, the observer is stable
during the reversing with the nominal torque.

In Fig. 8 the waveforms of functions sω and its filtrated value
sω˙f are shown. Close to zero rotor speed (from motoring to
regenerating mode) in which the synchronous frequency is close
to zero, the waveform of sω has oscillated (the same case is
during the dynamic state). This function must be filtered and
the filtered values should be introduced to (48) and to (28).
Fig. 8(b) is the continuation of Fig. 8(a) but the value of kc is
changing from 0 to 15 p.u. to show how these values influence
the improvement of observer properties.

Fig. 9. Speed-torque trajectories for NAFO (green—-estimated ro-
tor speed, red—-unstable area, black—-reference rotor speed value),
cα = 1.0, cψ = 0.2, kc = 8.

TABLE I
INDUCTION MACHINE PARAMETERS AND REFERENCES UNIT

For kc from 5.0 to 8.0 p.u. the electromagnetic torque Te value
is in the stationary state almost equal to TL value. If the value of
kc is higher than 8.0 p.u. then the higher oscillations of Te occur
– what is visible in the other estimated variables [Fig. 8(b)],
however, the estimated errors decay to zero.

In Fig. 9 the speed-torque trajectories for the NAFO structure
are shown. Along the red line exist unstable poles of observer
structure (the synchronous freq. is equal to zero).

In the next section, the theoretical analysis will be confirmed
by experimental investigations.

VI. EXPERIMENTAL RESULTS

The experimental tests were carried out on a 5.5–kW drive sys-
tem supplied by the voltage source converter (VSC). The electric
drive system parameters are given in Table I. The control system
was implemented in an interface with a DSP Sharc ADSP21363
floating-point signal processor and Altera Cyclone 2 FPGA. The
transistor switching frequency was 3.3 kHz. The sampling time
was 150 μs. The rotor speed was measured by the incremental
encoder (11 bits) – only to the accuracy verification of observer
structure. The stator current was measured by the current trans-
ducers LA 25-NP – in the phases “a” and “b” and transformed to
the (αβ) reference frame by using the Park transformation. The
control system structure was presented in [16] and [20]. There
are four classical PI controllers and the multiscalar transforma-
tion of variables [20] (description of the scheme is presented in
the Appendix). The PI controllers and observer tuning gains are
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TABLE II
TUNING GAINS OF SENSORLESS CONTROL SYSTEM

Fig. 10. IM is starting-up to 1.0, nonloaded and the rotor speed value is
estimated from (a) adaptive-estimation law (28), (b) nonadaptively (48),
the measured load torque TL waveform is presented.

presented in Table II. In all tests, the reference square of rotor
flux was x21∗ = 0.9 to 1.0 p.u. and the value of load torque
was limited to TLmax = 0.85 p.u. The electromagnetic torque of
IM is limited to 0.9 p.u. (the nominal torque is about 0.74 p.u.).
Mainly, the following waveform of variables are shown: ω̂r – es-
timated rotor angular speed, Te = LmL

−1
r (ψ̂rαîsβ − ψ̂rβ îsα),

ψ̂r = ψ̂2
rα + ψ̂2

rβ – electromagnetic torque and the square of

rotor flux vector, x22 = ψ̂rαîsα + ψ̂rβ îsβ – additional variable
(in the stationary state x22 ≈ x21/Lm), im stator current vector
module, ω̃r = ω̂r − ωr – estimated rotor speed error.

The experimental tests have been divided into three scenarios
in which the results of AFO and NAFO are shown: 1st–Drive
starting, speed reversal, very slow speed reverse (Section VI-A,
Figs. 10 –13), 2nd–Load injections, and the regenerating mode
of IM (Figs. 13 –15), 3rd–Uncertainties of IM parameters.

A. Drive Starting and Speed Reversal

The first scenario is presented in Figs. 10–13. In Fig. 10(a)
the IM is starting-up to 1.0 p.u. for the adaptive speed estimation
(AFO) law (28) and the same in Fig. 10(b), however, the speed is
estimated nonadaptively from (48). In Fig. 11 the IM is reversing
from 1.0 to −1.0 for both estimation schemes (28)—-Fig. 11(a)
and (48)—-Fig. 11(b). In Figs. 10(a) and 11(a), the square or
rotor flux vector components ψ̂r has higher oscillations than in
Figs. 10(b) and 11(b) for the nonadaptive rotor speed estimation

Fig. 11. IM is reversing from 1.0 to −1.0, nonloaded and the rotor
speed value is estimated from (a) adaptive law (28), (b) nonadaptively
(48).

Fig. 12. Measured load torque TL during the rotor speed reverse (the
waveforms from digital oscilloscope) for (a) AFO scheme, (b) NAFO
scheme.

Fig. 13. (a) Rotor speed slow reverse from 0.1 to −0.1 p.u. for the
NAFO estimation scheme (48). The machine is nominally loaded about
TL = 0.75 p.u.. (b) Regenerating mode of IM for the classical adaptive
estimation scheme (28) and kc = 0 during stationary state (ωr = 0.08
p.u.) and the load torque changes.

there are visible. The waveform of Te is smoother in the adaptive
law than nonadaptive. The response of Te has smaller oscilla-
tions for adaptive than nonadaptive law. The estimated speed
error has the same value smaller than 0.025 p.u. in transient
states in both cases. In Fig. 12 the measured load torque TL is
presented during the rotor speed reverse from Fig. 11. There
are visible load torque oscillations during the changes of the
rotor direction (close to zero rotor speed). The load torque is
measured by using a digital oscilloscope (analog signal from
the torque meter). Fig. 13(a) presents that the rotor speed slow
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Fig. 14. Regenerating mode of IM for (a) adaptive from (28), (b) non-
adaptively (48). The rotor speed is set to 0.05 and load torque 0.75 p.u.

Fig. 15. a) After 500 ms the nominal value of stator resistance is
changed up to 0.1 p.u., the rotor speed is reproduced nonadaptively
(48), the machine is loaded about 0.5 p.u.

reverses (about 4 s) from 0.1 to−0.1 p.u. during the IM loaded to
about 0.75 p.u. is presented. The IM changes the operation mode
from motoring (ωr, Te) > to regenerating (ωr < 0, Te > 0).

The observer structure is stable, however, the estimated speed
error increases up to −0.02 p.u. while the operating mode is
changed.

In Fig. 13(b) the reference rotor speed is about 0.08 p.u. and
the IM is step loaded (for regenerating operation mode). The
classical AFO estimation scheme (28) is used. The proposed
feedback is turned OFF (kc = 0). If the load torque TL is smaller
than -0.25 p.u. the AFO is stable, but for a higher value of TL

the rotor speed has oscillations and the AFO is not stable [it is
visible in Fig. 13(b)], and it confirms the theoretical stability
analysis presented in Fig. 7(a) (for kc = 0 the observer system
has positive poles).

Experimental results Figs. 10–13(a) confirm that the sen-
sorless control system with the proposed estimation schemes is
stable during the dynamic states of IM.

TABLE III
COMPARISON OF SELECTED PROPERTIES OF THREE STRUCTURES OF THE

SPEED OBSERVERS (AFO, AFO WITH ROBUST FEEDBACK, NAFO)

B. Load Injections and the Regenerating Mode of IM

In this scenario, the behavior of the speed observer system
was checked during the constant rotor speed and changes of
load torque values of IM (from motoring mode to regenerating
mode). In Fig. 14 the rotor speed was set to 0.05 p.u. and after 1 s
the IM is loaded about−0.75 p.u. (regenerating mode). The error
of estimated rotor speed is about 0.01 in a stationary state. In
addition to the previously presented variables the stator voltage,
us are shown. The voltage us has a value of about 0.03 p.u., which
gives about 12 V (the transistor’s dead time is compensated).
Nevertheless, the AFO with the proposed feedback function
and the NAFO estimation scheme worked stable in regenerating
operation modes.

C. Uncertainties of Parameters of IM

In this scenario, the behavior of the observer structure on
changes of the stator and rotor resistance. The NAFO speed
estimation scheme (48) was used during these tests. IM is loaded
about TL = 0.5 p.u.

In Fig. 15(a) the stator resistance is changed after 5 s
(Rs = 2.85RsN). The rotor speed estimation error increases to
about 0.015–0.02 p.u. The AFO structure errors are strongly
dependent on the value of rotor resistance. In Fig. 15(b) the rotor
resistance is changed from 0.035 to 0.1 p.u. (Rr = 2.85RrN). The
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rotor speed estimation error increases to about 0.03 p.u. Despite
the speed error, the Te value is on the same level (about 0.5 p.u.).

Tests presented above confirm that the NAFO speed estima-
tion scheme is robust on the uncertainties of nominal parameters
of IM (of course at the chosen range). However, the estimation
errors occurred, which was confirmed during the practical sta-
bility analysis (39). In Table III, the three structures of the speed
observer are compared. The first one is the classical AFO with
the adaptive law presented in [1]–[10] and (21), the second is
AFO with the proposed robust feedback, and the third is the
NAFO scheme.

VII. CONCLUSION

This article presents a nonadaptive speed estimation scheme
for the classical AFO system (NAFO). Proposal 3 (Section III),
shows that introducing the stabilizing function to the speed
estimation formulae, which is based on the scalar product of the
proper vectors, allows improving the performance and stability
of AFO in the sensorless control structure. Furthermore, analysis
of adaptive estimation with the integrator, presented in Sec-
tion IV lead to the nonadaptive speed estimation scheme NAFO,
which is the main contribution of this article. As a result, the es-
timation of rotor speed value without integrator was developed.
The nonadaptive formula was based on the cross product as well
as the scalar product of the two vectors in the system. Through
this, the stability of the whole sensorless control structure was
improved. The order of differential equations of the observer
model was not increased as with other solutions presented, e.g.,
in the literature [9], [21]. Proposed solutions were tested in
5.5-kW IM supplied by VSC for the three scenarios (starting
and reversing, load torque injections, and regenerating mode,
nominal parameters uncertainties). Experimental results confirm
that the proposed approach can be implemented in practical
applications.

APPENDIX

In Table I the IM parameters are presented.
The sensorless control structure is presented in Fig. 16. This

structure is based on multiscalar variables transformation [20],
where x11 = ω̂r, x12 = ψ̂rαîsβ − ψ̂rβ îsα, x21 = ψ̂2

rα + ψ̂2
rβ ,

x22 = ψ̂rαîsα + ψ̂rβ îsβ . This control structure is studied in
[16], [18], and [20].

In Table II the PI controllers from Fig. 16 and the observer
structure tuning gains are presented.

In Table III the three estimation schemes of the rotor speed
are compared. The first one is AFO with the classical adaptive
law (21) (without robust feedback) [1]–[10], the second is the
AFO with additional robust feedback law (28), and the third is
the proposed nonadaptive scheme NAFO (48).

In Fig. 17 the experimental stand is shown. There are the
IM coupled to the dc-machine, between both machines are two
clutches and the torque meter.

Fig. 16. Sensorless control system scheme [20].

Fig. 17. Experimental stand with IM coupled to the dc-machine.
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