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1. Introduction

Squirrel-cage induction machines (IM) are widely used in drive 
systems due to their relatively simple construction and satis-
factory dynamic properties. Often, in drive systems, to increase 
reliability, in addition to the speed sensor, an estimator is used 
to reproduce the value of the rotor angular speed or position.

Methods of the rotor angular speed reproduction can be 
divided into three main groups [1]: physical, algorithmic, and 
neural network. One of the most used methods is algorithmic, 
which is characterized by the fact that the speed observer is 
based on the mathematical model of a machine. Algorithmic 
methods include the state observer (full and reduced order), e.g. 
[2], the full-order adaptive observer AFO [3–5], Kalman filter 
[6], structures based on sliding technique [7, 8] or MHE ap-
proach [9].

Due to the simplicity of implementation and good properties, 
a large group are the structures following the reference model 
MRAS [10, 11] in which the value of the rotor angular speed is 
obtained by means of the classic adaptation law, using an 
integrator or PI – proportional integration controller.

Another way to reproduce the angular rotor speed is to ex-
tend the mathematical model of the machine with an additional 
state variable based on it, as well as an appropriate algebraic 
transformation, determining the value. A nonadaptive method 
is presented for example in [12] and generalized for the n-phase 
machines in [13]. The speed estimation method proposed in 
[12, 13] is characterized by a large number of observer tun-
ing gains and a complicated form of stabilizing functions. In 
[14] the structure of the observer is presented in which stabiliz-
ing functions were obtained based on the backstepping method,
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which significantly reduced the number of tuning gains com-
pared to [13]. However, the observer model was extended by an
additional integrator.

The main problem occurring in the sensorless control struc-
ture is the stable work of a drive system in the range of very low
rotor speeds (less than 10-20 rpm), the operation near to zero or
the zero rotor angular speed and a set value of load torque in the
range of motor and, above all, in the regenerating mode [3, 4,
7, 8, 11, 12, 15].

This paper proposes a method of estimating the angular rotor
speed, which can be applied to the structures of observers AFO
[3–5, 11] as well as MRAS [10, 11, 16], consisting of determin-
ing the speed value from an algebraic relationship (nonadaptive
without using an integrator). In addition, a method of robust
classical adaptation law (with integrator) for the range of motor
and regenerating operation as well as rotor speed command less
than 0.1 p.u. was proposed. All the presented theoretical issues
were confirmed by the simulation and experimental research on
a 5.5 kW machine.

2. Mathematical model of induction machine

A squirrel-cage induction machine can be represented by the
differential equations for the stator current vector and the rotor
flux [12–14, 17]:

dis
dτ

= a1is +a2ψr + ja3ωrψr +a4us , (1)

dψr
dτ

= a5ψr + jωrψr +a6is , (2)

and the equation of motion

dωr

dτ
=

1
J
(Te −TL) , (3)
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where is, us, ψr are the vectors of current, stator voltage and ro-
tor flux, respectively, and the following designations have been
introduced:

a1 =−RsL2
r +RrL2

m

Lrwσ
, a2 =

RrLm

Lrwσ
,

a3 =
Lm
wσ

, a4 =
Lr
wσ

,

(4)

a5 =−Rr

Lr
, a6 =

RrLm

Lr
, wσ = LrLs −L2

m . (5)

At the design stage of the control system, it is assumed that
the machine parameters are known and unchanging in time, and
the components of the stator current vector isα , isβ as well as the
components of the stator voltage vector usα , usβ are quantities
known or available for measurement, ψrα , ψrβ are components
of the rotor flux vector, ωr is the value of angular speed.

3. Full-order speed observer

The mathematical model of IM can be presented in a general-
ized form [1–5]:

ẋ = A x+B u, (6)

y = C x, (7)

where x is the vector of state variables, u is the vector of con-
trols and A, B, C contain the constant parameters of IM.

The full-order observer for (6)–(7) can be determined by the
following differential equations:

˙̂x = Ax̂+B u+Gx̃, (8)

ŷ = Cx̂, (9)

where G is the matrix which contains the observer tuning gains
and

x̃ = îs − is . (10)

Using (6), (7) it is possible to determine the dynamics of the
observer estimation error:

˙̃x = (A+G C)x̃. (11)

Assuming that the eigenvalues of the matrix F = A+G C have
the negative values and for t → ∞ the estimation error of state
variables x̃(t) → 0 decays to zero and according to Lyapunov
theorem, the observer structure will be asymptotical stable:

˙̃x = eFt x̃(t). (12)

Considering the observer model in the coordinate sys-
tem (αβ ) connected to the stator, the following can be ob-
tained [1–5]:

d îsα

dτ
= a1 îsα +a2ψ̂rα +a3ω̂rψ̂rβ +a4usα + vα , (13)

d îsβ

dτ
= a1 îsβ +a2ψ̂rβ −a3ω̂rψ̂rα +a4usβ + vβ , (14)

dψ̂rα

dτ
= a5ψ̂rα − ω̂rψ̂rβ +a6 îsα + vψα , (15)

dψ̂rβ

dτ
= a5ψ̂rβ + ω̂rψ̂rα +a6 îsβ + vψβ , (16)

where vα,β and vψα,β are stabilizing functions introduced to the
structure.

The observer structure (13)–(16) will be asymptotical stable
if following Lyapunov function:

V1 =
1
2

(
ĩ2sα + ĩ2sβ + ψ̃2

rα + ψ̃2
rβ

)
> 0, (17)

and their derivative is negative determined:

V̇1 =
˙̃isα + ˙̃isβ + ˙̃ψrα + ˙̃ψrβ ≤ 0. (18)

Model of estimation errors for (13)–(16) has the following
form:

d ĩsα

dτ
= a1 ĩsα +a2ψ̃rα +a3

(
ω̃rψ̂rβ + ω̂rψ̃rβ − ω̃rψ̃rβ

)
+

+ vα , (19)

d ĩsβ

dτ
= a1 ĩsβ +a2ψ̃rβ −a3 (ω̃rψ̂rα + ω̂rψ̃rα − ω̃rψ̃rα)

+ vβ , (20)

dψ̃rα

dτ
= a5ψ̃rα −

(
ω̃rψ̂rβ + ω̂rψ̃rβ − ω̃rψ̃rβ

)
+

+a6 ĩsα + vψα , (21)

dψ̃rβ

dτ
= a5ψ̃rβ +(ω̃rψ̂rα + ω̂rψ̃rα − ω̃rψ̃rα)+

+a6 ĩsβ + vψβ , (22)

where

ω̃r = ω̂r −ωr , ψ̃rα,β = ψ̂rα,β −ψrα,β ,

ĩsα,β = îsα,β − isα,β .
(23)

The observer structure (13)–(16) will be stable if the Lya-
punov theorem is satisfied. According to the procedure of de-
termining the adaptive control law, the Lyapunov function (17)
should be extended to the form:

V =V1 +
1
2γ

ω̃2
r . (24)

By using (19)–(22), the derivative of the function (24) is as fol-
lows

V̇ = a5

(
ψ̃2

rα + ψ̃2
rβ

)
+

+ ω̃r

(
1
γ

˙̃ωr −a3ψ̂rα ĩsβ +a3ψ̂rβ ĩsα

)
≤ 0, (25)
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wherein (13)–(16) the observer stabilizing functions are intro-
duced, which for V̇ ≤ 0 should be taken:

vα =−cα ĩsα , vβ =−cα ĩsβ , (26)

vψα =−cψ1 ĩsα + cψ ω̂r ĩsβ , vψβ =−cψ1 ĩsβ − cψ ω̂r ĩsα ,

(27)

where it is assumed that ψ̃rα,β ≈ 0, cα = f (a1) > 0, cψ =
f (a3)> 0, whereas cψ1 ≥ 0, a5 < 0.

The value of rotor speed can be reproducing from an adaptive
mechanism by using the integrator in the same as in [3] but in
the stationary coordinate system (αβ ):

dω̃r

dτ
=−γa3

(
ĩsα ψ̂rβ − ĩsβ ψ̂rα

)
, (28)

assuming that ω̇r = 0 and ω̃r = ω̂r.
Reconstruction of rotor speed from the classic law of adapta-

tion (28) can lead to a deterioration of properties of the observer
structure due to the open-loop of an integrator, as noted in [18].
Therefore, the following feedback law is proposed in this paper:

dω̂r

dτ
=−γa3

(
ĩsα ψ̂rβ − ĩsβ ψ̂rα + γ1ω̂r

)
, (29)

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

However, it does not immunize the observer, which may be sus-
ceptible to, e.g. external disturbances that were not considered
at the design stage (variation of machine parameters during op-
eration and others). Therefore, the author of this paper would
like to propose three different approaches to rotor speed esti-
mation. The basis for the synthesis of the structure of the speed
observer is the mathematical model of the induction machine
determined by space vectors in the stationary coordinate sys-
tem (αβ ).

Proposition 1. Taking into account any two vectors defined in
the reference system (αβ ), which are state estimates in the sys-
tem (8), (9) or estimation errors, between which the following
relationships occur:

�a×�b �= 0, (30)

�a ·�b ∼= 0, (31)

where
�a×�b means vector product of two vectors,
�a ·�b means a scalar product,

the law of adaptation from which the rotor angular speed is re-
constructed can be generalized to the form:

dω̂r

dτ
= γ

(
�a×�b− γ1ω̂r

)
, (32)

where
(
�a, �b

)
is the selected pair of two vectors in the system.

The sign of expression (32) as well as additional parameters
that may appear in (32) depend on the designed structure and

directly result from the Lyapunov function from which the sta-
bility of the observer is examined.

The proof of Proposition 1 can be presented assuming that
the possible pairs of vectors in the case of a squirrel-cage in-
duction machine can be:

(
�̂is, �̂ψr

)
,
(
�̃is, �̂ψr

)
, while the flux er-

ror vector module is not available in terms of measurement,
thus

∣∣∣�̃ψr

∣∣∣ = 0. Considering the first pair of vectors
(
�̂is, �̂ψr

)
,

the expression (3) for the machine motion equation is obtained,
assuming that TL = 0 and J is a known value. The observer
structure is tuned by this value. For the second pair of vectors(
�̃is, �̂ψr

)
, the form of (28) is obtained. For the pair of vectors(

�̃is, �̂ψr

)
the ideal case was assumed, in which it was assumed

that the machine parameters are known and �a ·�b = 0 (vectors(
�a, �b

)
are perpendicular). In practice, the scalar product of two

selected vectors
(
�a, �b

)
(e.g.

(
�̃is, �̂ψr

))
does not equal zero but

may be close to this value. The reason for this are the distur-
bances introduced into the observer structure related to the un-
certainty of parameters, accuracy of measurements, accuracy
of the voltage or current generated by the power electronic con-
verter and discretization errors [19]. Therefore, the robust law
of adaptation in addition to feedback (γ1ω̂r) in the integrator
structure should be based not only on the vector product but
also on the scalar product.

Proposition 2. A robust law of adaptation can be obtained by
introducing feedback, which makes the integrator (32) have the
following form:

dω̂r

dτ
= γ

(
�a×�b− γ1ω̂r

(
�a ·�b

))
. (33)

Considering the ideal case, in which the vectors are perpen-
dicular to each other, the form of (32) (for γ = 0 that is classical
control law) is obtained, while in the case when �a ·�b �= 0, addi-
tional feedback arises compensating for uncertainties interfer-
ence and improving the robustness of observer system.

The adaptation mechanism (29) in the considered case in-
cluding (33) has the form:

dω̂r

dτ
=−γa3

(
ĩsα ψ̂rβ − ĩsβ ψ̂rα + kcsω

)
, (34)

where
sω = ĩsα ψ̂rα + ĩsβ ψ̂rβ , (35)

and
kc = k f ω̂r , k f > 0. (36)

4. Method of speed estimation without
an integrator structure

The adaptation mechanism according to [1, 3–5] and (34) re-
quires the use of the integrator structure. Another approach to
determine the value of the rotor speed can be the nonadaptive
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mechanism. Considering the formula (28) it can be presented
as a combination of two expressions:

dω̃r

dτ
=−γa3

(
ĩsα ψ̂rβ︸ ︷︷ ︸

I

− ĩsβ ψ̂rα︸ ︷︷ ︸
II

)
. (37)

If individual expressions are considered separately, then this
can define the following equations that should occur in these
expressions, so that the observer structure is kept up with the
object:

I : ĩsα ≡ 1
γ

ω̂rψ̂rβ , (38)

II : ĩsβ ≡−1
γ

ω̂rψ̂rα . (39)

In the next step, both sides of (34) and (35) should be multi-
plied by ψ̂rβ and ψ̂rα , respectively, and added to each other and
transformed so as to obtain the formula:

ω̂r = γ
ĩsα ψ̂rβ − ĩsβ ψ̂rα

ψ̂2
r

. (40)

After substitution of (40) for (37), assuming that ω̇r = 0 the
solution of equation (37) is:

ω̃r = ω̃r0e−ϑτ , (41)

where
ψ̂2

r = ψ̂2
rα + ψ̂2

rβ .

In (41) it has been shown that for τ → 0, the rotor speed esti-
mation error will exponentially decay to zero, with the order of 
convergence equal to ϑ = a3ψ̂r

2.

Proposition 3. In order to improve the properties of rotor angu-
lar speed estimation from (40), a feedback coupling should be 
introduced in a similar way as in (33), which is a scalar product 
of vectors. If (38) and (39) are multiplied by components ψ̂rβ 
and ψ̂rα , respectively, and (38), (39) by ψ̂rα and ψ̂rβ then the 
following is obtained:

ĩsα ψ̂rβ − ĩsβ ψ̂rα ≡ 1
γ

ω̂rψ2
r , (42)

ĩsα ψ̂rα + ĩsβ ψ̂rβ ≡ 0. (43)

By adding the terms (42) to (43) on both sides and after trans-
formation, one obtains:

ω̂r = γ
ĩsα ψ̂rβ − ĩsβ ψ̂rα + kcsω

ψ̂2
r

, (44)

where
sω = ĩsα ψ̂rα + ĩsβ ψ̂rβ , (45)

and γ = 1 p.u.

The value of the rotor speed can be determined from the for-
mula (40) from the proposed algebraic expression.

It is worth noting that if
(

1
2γ

ω̃2
r

)
is omitted in (24) (the

function responsible for the adaptive speed reproduction mech-
anism), then the derivative form of the Lyapunov function is as
follows:

V̇ = a5

(
ψ̃2

rα + ψ̃2
rβ

)
− ω̃ra3

(
ψ̂rβ ĩsα − ψ̂rα ĩsβ

)
≤ 0, (46)

which with assumption ω̇r = 0 confirms that Lyapunov theorem
is satisfied and asymptotic stability of the system

V̇ = a5

(
ψ̃2

rα + ψ̃2
rβ

)
− ω̃2

r a3ψ̂2
r ≤ 0, (47)

for ψ̂2
r > 0.

The continuous function kc occurring in (34) and (44) 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 vectors of stator voltage and rotor flux:

kc = k f sgn( .) =

{
1

(
usβ îsα −usα îsβ

)
< 0,

−1
(
usβ îsα −usα îsβ

)
≥ 0,

(48)

or

kc = k f sgn( .) =

{
1 x∗11 < 0,

−1 x∗11 ≥ 0,
(49)

where x∗11 is the reference rotor speed.
It is worth noticing that in the experimental stand the intro-

duced stabilizing function defined (35), (45) can be filtrated by
the first order filter in order to minimize the unexpected oscil-
lation or estimated rotor speed value which is used in the multi-
scalar transformation.

5. Control system of induction machine

Proposed observer structure was tested in the closed-loop con-
trol system with the multi-scalar variables. The sensorless con-
trol structure is shown in Fig. 1. The multi-scalar variables were
proposed in [17] and they are defined as follows:

x11 = ω̂r , (50)

x12 = ψ̂rα îsβ − ψ̂rβ îsα , (51)

x21 = ψ̂2
rα + ψ̂2

rβ , (52)

x22 = ψ̂rα îsα + ψ̂rβ îsβ , (53)

where ω̂r is the estimated rotor speed value, îsα , îsβ are the es-
timated stator current vector components and ψ̂rα , ψ̂rβ are the
estimated rotor flux vector components.
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α, β

Fig. 1. Sensorless control structure with proposed speed observer and multi-scalar variables

Using the mathematical model of IM and taking into account
multi-scalar transformation (50)–(53), the feedback linearizing
control law (decoupling) was presented in [14, 17]. In Fig. 1
the control system structure is shown. The full description of
the scheme presented in Fig. 1 is in [14, 17].

6. Simulation results

The theoretical issues presented in the previous sections were
confirmed by the simulation. It was assumed that the sampling
time was 150 µs, while the integration step of the induction ma-
chine model was 1 µs. The control system with the multi-scalar
variables is shown in Fig. 1. There are the following blocks:
multi-scalar variables, decoupling, and speed observer. The ref-
erence values (inputs) are the rotor speed and the square of the
rotor flux.

Fig. 2 shows the waveforms of multi-scalar variables (50)–
(53) and the error of the estimated rotor speed during changes
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the reference speed (x∗11) in the range from 0.95 to −0.95 and the load

torque from 0.1 to 0.75 p.u., speed is estimated from (28)

of reference speed and load torque. At 0.7 s, the reference
speed was changed from 0.1 to 0.95 p.u. after 1.5 s from 0.95
to −0.95, while after 2.5 s the load torque value was set to
0.75 p.u. The speed was estimated from (28).

In Fig. 3 the rotor speed is reconstructed from (34). In ad-
dition to the multi-scalar variables, sω function is presented. If
the rotor speed is estimated from (34) (by using sω function),
the rotor speed error has a smaller value than in Fig. 2.
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Figs. 4 and 5 present the changes of IM working modes.
The load torque is changed from 0 to 0.9 p.u. and from 0.9 to
−0.9 p.u., the rotor speed was set to 0.08 p.u. In Fig. 4 the speed
is reproduced from (28), and in Fig. 5 from (34), using function
(35). For motor operation, the load torque value was 0.9 p.u.,
while for generator operation −0.9 p.u. The rotor speed error is
increased during the regenerating IM mode (Fig. 4), but while
the speed is estimated from (34), the rotor speed error is near
zero (Fig. 5). Introduced to the speed adaptation mechanism
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Using the mathematical model of IM and taking into account
multi-scalar transformation (50)–(53), the feedback linearizing
control law (decoupling) was presented in [14, 17]. In Fig. 1
the control system structure is shown. The full description of
the scheme presented in Fig. 1 is in [14, 17].

6. Simulation results

The theoretical issues presented in the previous sections were
confirmed by the simulation. It was assumed that the sampling
time was 150 µs, while the integration step of the induction ma-
chine model was 1 µs. The control system with the multi-scalar
variables is shown in Fig. 1. There are the following blocks:
multi-scalar variables, decoupling, and speed observer. The ref-
erence values (inputs) are the rotor speed and the square of the
rotor flux.

Fig. 2 shows the waveforms of multi-scalar variables (50)–
(53) and the error of the estimated rotor speed during changes

-1

0

1

-1

0

1

0.88

0.9

0.92

0

1

-0.02

0

0.02

0.5 1 1.5 2 2.5 3

x11

x12

x21

x22

Time [s]

rω~

Fig. 2. Waveforms of multi-scalar variables and ω̃r during changes in
the reference speed (x∗11) in the range from 0.95 to −0.95 and the load

torque from 0.1 to 0.75 p.u., speed is estimated from (28)

of reference speed and load torque. At 0.7 s, the reference
speed was changed from 0.1 to 0.95 p.u. after 1.5 s from 0.95
to −0.95, while after 2.5 s the load torque value was set to
0.75 p.u. The speed was estimated from (28).

In Fig. 3 the rotor speed is reconstructed from (34). In ad-
dition to the multi-scalar variables, sω function is presented. If
the rotor speed is estimated from (34) (by using sω function),
the rotor speed error has a smaller value than in Fig. 2.
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Figs. 4 and 5 present the changes of IM working modes.
The load torque is changed from 0 to 0.9 p.u. and from 0.9 to
−0.9 p.u., the rotor speed was set to 0.08 p.u. In Fig. 4 the speed
is reproduced from (28), and in Fig. 5 from (34), using function
(35). For motor operation, the load torque value was 0.9 p.u.,
while for generator operation −0.9 p.u. The rotor speed error is
increased during the regenerating IM mode (Fig. 4), but while
the speed is estimated from (34), the rotor speed error is near
zero (Fig. 5). Introduced to the speed adaptation mechanism
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Fig. 5. Waveforms of multi-scalar variables during load torque changes
from 0.9 to −0.9 p.u., speed value is determined from (34)

proposed sω function in (35) reduces the speed estimation error
to zero during the load torque injection in regenerating mode.
After 2 s the load torque is injected and in Fig. 4 the rotor speed
error increases above 0.02 p.u. for kc = 0, if kc �= 0, the rotor
estimation error does not change value which is presented in
Fig. 5.

In Figs. 4 and 5 x12 was limited to 1.0, therefore in x11 long
response is visible during the load torque, changing to −0.9 p.u.
In Fig. 5 this response takes less time because of using the pro-
posed robust speed estimation law (34). The waveforms from

Figs. 2–5 confirm the theoretical assumptions presented in Pro-
posal 2 on increasing the robustness of the speed observer struc-
ture on a disturbance.

7. Experimental results

Experimental tests were conducted on a 5.5 kW IM supplied
by voltage source inverter (as shown in Fig. 13). Drive system
parameters are shown in Table 1.

Table 1
Nominal and base parameters of IM

Name Description Value

Pn Nominal power 5.5 kW
In Stator current (Y) 11 A
Un Stator voltage (Y) 400 V
n Nominal speed 1430 rpm
f Frequency 50 Hz

Ub = Un Base voltage 400 V
Ib = In

√
3 Base current 18.9 A

Pb Base power 7.56 kW
RsN Stator resistance 0.035 p.u.
RrN Rotor resistance 0.035 p.u.
LmN Magnetizing inductance 1.95 p.u.
Ls,rN Stator and rotor inductance 2.05 p.u.

The experimental tests were divided into three sections:
7.1 Machine start-up and reverse, 7.2 Motor and regenerating
modes and 7.3 Uncertainty of nominal parameters.

7.1. Machine start-up and reverse. Fig. 6 shows the wave-
forms of multi-scalar variables and the square of the stator
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Fig. 6. Machine starting up to 1.0 p.u. – the speed is reproduced from
the adaptive relationship (34)
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current vector during start-up to the speed of 1.0 p.u. The ro-
tor speed is reproduced from the adaptive dependence (34). In
Fig. 7 the same variables are presented during the IM start-
up to 1.0 p.u. but the rotor speed is estimated nonadaptively
from (44).
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Fig. 7. Machine starting up to 1.0 p.u. – the speed is reproduced non-
adaptively from (44)

Fig. 8 shows the waveforms of multi-scalar variables and the
square of the stator current vector during the IM reversal to
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from the adaptive dependence (34)
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−1.0 p.u., for the rotor speed value determined from adaptive
dependence (34). In Fig. 9 the rotor speed is estimated nonadap-
tively from (44). In the case presented in Fig. 9, oscillations of
the presented values during the zero crossing are visible, which
have a lower value for the case from Fig. 8. The reason for these
oscillations (Fig. 9) visible in the rotor speed and x21 transients
is noncontinuous signum function defined in (48).

In Fig. 10 the waveforms of estimated rotor flux vector, stator
current vector components and speed estimation error during
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from 0.01 to −0.01 p.u. – the rotor speed is estimated nonadaptively
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current vector during start-up to the speed of 1.0 p.u. The ro-
tor speed is reproduced from the adaptive dependence (34). In
Fig. 7 the same variables are presented during the IM start-
up to 1.0 p.u. but the rotor speed is estimated nonadaptively
from (44).
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dependence (34). In Fig. 9 the rotor speed is estimated nonadap-
tively from (44). In the case presented in Fig. 9, oscillations of
the presented values during the zero crossing are visible, which
have a lower value for the case from Fig. 8. The reason for these
oscillations (Fig. 9) visible in the rotor speed and x21 transients
is noncontinuous signum function defined in (48).
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the IM reverse from 0.01 to −0.01 p.u. are shown. The rotor
speed error is smaller than 0.01 p.u.

7.2. Motor and regenerating mode. In Figs. 11 and 12 the
waveforms of multi-scalar variables and the square of the stator
current vector in terms of motor and generator operation are
shown.
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Fig. 11. Load torque is changed, the rotor speed is reproduced from
proposed adaptive robust law (34)
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Fig. 12. Load torque is changed, the rotor speed is reproduced non-
adaptively (44)

The reference speed is 0.08 p.u. The load torque value was
changed in the range of 0.7 to −0.7 p.u. Fig. 11 presents the
waveforms for the case in which the value of the rotor speed was
reproduced from the robust adaptation law proposed in (34),
while in Fig. 12 – the nonadaptive method of speed estimation
(44). In the case presented in Fig. 11, oscillations of variables
x21 and x22 during generator operation are visible (the load
torque is about TL = −0.7 p.u.). These oscillations are caused
by the tuning gain above γ = 0.1 p.u. in the integrator structure
(34). The waveforms from Fig. 12 do not contain such a level
of the oscillation like in Fig. 11 (x21, x22).

7.3. Uncertainty of nominal parameters. In this section the
nominal parameters of IM (stator and rotor resistances) are de-
tuned. Because of that the behaviour of AFO structure is inde-
pendent of the speed estimation mechanism, the uncertainties
tests are conducted only for a nonadaptive case.

In Fig. 13, after 0.5 s the stator resistance is changed from
0.035 to 0.1 (Rs = 2.85RsN). The rotor speed estimation error
increases to about 0.015–0.02 p.u. The AFO structure errors are
strongly dependable on the value of rotor resistance.
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Fig. 13. After 500 ms the nominal value of stator resistance is changed
up to 0.1 p.u., the rotor speed is reproduced nonadaptively (44), ma-

chine is loaded about 0.5 p.u.

In Fig. 14 the rotor resistance is changed from 0.035 to
0.1 p.u. (Rr = 2.85RrN). The rotor speed estimation error in-
creases to about 0.03 p.u. Despite the speed error the x12 value
is on the same level (about 0.5 p.u.)
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Fig. 14. After 500 ms the nominal value of rotor resistance is changed
up to 0.1 p.u., the rotor speed is reproduced nonadaptively (44), ma-

chine is loaded about 0.5 p.u.

8. Conclusions

The paper presents the synthesis of the rotor speed observer es-
timation of the IM. A modification of the classic adaptation law
has been proposed, from which the speed value is reproduced,
thus enabling an increase in the range of stable drive operation
in the motor and generator range at speeds lower than 0.1 p.u.
In addition, a nonadaptive method of reproducing the value of
the rotor speed has been proposed, which facilitates a stable op-
eration of the machine in the adopted operating ranges. Consid-
ering theoretical and experimental investigations, the following
conclusions can be drawn:
• Introducing an additional coupling in the integrator struc-

ture ensures stable operation in the considered range of
changes in rotor angular speed and load torque.

• The proposed “new” method of reproducing the rotor speed
from algebraic dependence allows stable operation in the
considered range of changes in rotor speed and load torque.

• The proposed method of introducing additional coupling
(for both adaptive and nonadaptive law) allows stable op-
eration in the motor mode, at zero speeds and in the regen-
eration mode and rated load torque.

• The steady-state error of estimated rotor speed did not ex-
ceed about 0.01 p.u. (in the experimental setup).

Theoretical assumptions were confirmed by experimental re-
search.
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Fig. 14. After 500 ms the nominal value of rotor resistance is changed
up to 0.1 p.u., the rotor speed is reproduced nonadaptively (44), ma-

chine is loaded about 0.5 p.u.

8. Conclusions

The paper presents the synthesis of the rotor speed observer es-
timation of the IM. A modification of the classic adaptation law
has been proposed, from which the speed value is reproduced,
thus enabling an increase in the range of stable drive operation
in the motor and generator range at speeds lower than 0.1 p.u.
In addition, a nonadaptive method of reproducing the value of
the rotor speed has been proposed, which facilitates a stable op-
eration of the machine in the adopted operating ranges. Consid-
ering theoretical and experimental investigations, the following
conclusions can be drawn:
• Introducing an additional coupling in the integrator struc-

ture ensures stable operation in the considered range of
changes in rotor angular speed and load torque.

• The proposed “new” method of reproducing the rotor speed
from algebraic dependence allows stable operation in the
considered range of changes in rotor speed and load torque.

• The proposed method of introducing additional coupling
(for both adaptive and nonadaptive law) allows stable op-
eration in the motor mode, at zero speeds and in the regen-
eration mode and rated load torque.

• The steady-state error of estimated rotor speed did not ex-
ceed about 0.01 p.u. (in the experimental setup).

Theoretical assumptions were confirmed by experimental re-
search.
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