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ABSTRACT The super twisting sliding-mode observer (ST-SMO) has been proposed to achieve an
effective method for alleviating low-order harmonics of measured quantities, issues related to DC drift,
and suppression of chattering due to low-frequency sampling. The conventional ST-SMO, on the other
hand, suffers from control delay in the convergence trajectory due to the system disturbance, resulting in
decreased anti-disturbance capability and impacting the estimation accuracy and energy consumption. This
paper proposed an ST-SMO with convergence improvement to address the issue related to the sliding mode
controller along the sliding surface. A nonlinear sliding mode manifold is created to achieve the optimal
ST-SMO convergence trajectory along the sliding surface. Then, a disturbance compensation term is added
to the control law to eliminate the system control delay. In comparison to the conventional ST-SMO, the
investigated method can effectively improve the anti-disturbance capability of the induction motor (IM)
Observer, resulting in improved speed estimation (rotor flux control under applied load torque disturbances,
speed reversal, and zero speed operation), good performance, and stability. The simulation and experimental
studies are carried out for an induction motor with a 5.5kW rating. Both simulation and experimental results
prove good robustness against the applied load torque disturbances and convergence of rotor speed to its
actual value.

INDEX TERMS Disturbance, stability analysis, sliding mode observer, super twisting.

NOMENCLATURE
‘‘^ ’’ estimated values.
‘‘∼’’ Error of estimated values.
Rr , Rs Rotor and stator resistance.
Lm Main inductance.
Ls,r Stator and rotor inductances.
TL , Te Load, and electromagnetic torque.
J, B Moment of inertia and friction coefficient.
isα ,β Stator current vector components.
Vsα ,β Stator voltage vector components.
ψrα,β Rotor flux vectors.
p.u Per unit.
ωr Rotor angular speed.
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I. INTRODUCTION
Due to its improved speed-regulation performance, direct sta-
tor field-oriented control-based induction motor drives have
been used in numerous industrial applications [1], [2]. Such
practical applications include aviation control systems, loco-
motive traction systems, and electric vehicle drives, which
require high system performance under severe and tough
circumstances. The direct stator field-oriented control speed
loop typically uses a closed-loop control structure.

The PI controller is themost frequently employed approach
for the IM speed loop [3]. Static-errorless control can be
achieved using linear control theory and pole-zero cancel-
lation [4]. However, a precise IM model is necessary for
pole-zero cancellation. The motor’s precise practical appli-
cations will invariably be impacted by disturbances brought
on by the ambiguity of motor parameters [5]. It also considers
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fluctuations in motor resistance and inductance brought on by
field saturation and temperature. As a result, the PI controller
finds it challenging to achieve significant resilience of the
IM speed loop. The other factor is the outside disturbance
brought on by the speed loop output change [6]. It considers
changes in load torque and the state of the motor. The speed
loop degrades if the ability to reject the external disturbance is
insufficient, preventing the actual speed from tracking its ref-
erence rapidly. Therefore, the existing loop’s anti-disturbance
capacity needs to be improved.

The Sliding Mode Control Observer (SMO) has been
deemed an efficient method for enhancing the resilience of
the speed observer [7], [8], [9]. However, the high-frequency
switching control has led to a chattering issue. As a result,
it has emerged as a key area for SMO enhancement through
chattering suppression. First, approaches based on boundary
layers have been presented for the Integral SMO [10], [11].
However, they mostly weaken the system’s robustness to
silence the noise. Additionally, the steady-state error problem
with system disturbance exists [12].
A second-order sliding mode observer(SMO) based on the

field-oriented control of SMC was proposed in [8]. Theo-
retically, putting the high-frequency switching control in its
derivatives can eliminate chattering. In the meantime, the
sliding-mode state and its first derivative are made to equal
zero in a limited time [13] to solve the steady-state error
problem. The super twisting high order was used to estimate
the rotor position speed and mechanical speed, track the
parameter variations with an online method, and is a tool for
chattering attenuation [14], [15], [16], [17].
The primary benefit of the super-twisting observer is that it

reduces chattering attenuation. The major advantage of utiliz-
ing speed observer is to lessen dependence on the estimated
states and, thus, to spend less time processing data [18]. The
results under a varying load torque demonstrate the conver-
gence of the controlled states to the target value in a finite time
with reduced chattering as the key characteristics of this com-
bination. The adaptive SMO has been proposed to increase
the robustness of motor drives [19], [20], [21], [22], [23].
The super twisting SMO (ST-SMO), a common SecondOrder
SMO, is simple to design and well-suited for the first-order
system [24], [25], [26]. The ST-SMO is used [16] to drive
AC motor direct torque control (DTC), which can increase
characteristic robustness to speed and torque transients.

To improve the performance of the suggested observer
under an external disturbance, namely, the machine load
torque, an observer based on the super-twisting theory [27]
has been developed to estimate the rotor flux and rotor speed.
It has been noted in [28] and [29], that while the ST-SMO
can improve system static performance, it cannot account
for small perturbations that increase over time or state vari-
ables. As a result, ST-SMO anti-disturbance capabilities still
have a long way to go. The disturbance boundary of the IM
speed observer is challenging to estimate or calculate, but
the variable gains are developed based on two well-known
functions of the disturbance boundary. A smoothing factor is

added to the ST-SMO control law to lessen chattering when
measurement noise is present [30]. The alteration does not,
however, enhance the ability to compensate for disturbances.

The sliding surface is directed to zero by ST-SMO using
a continuity function in the feedback, which lessens chatter-
ing. The difficulties of DC drift and lower-order harmonics
present in the measured quantities are reduced when the
mixed second and third-order generalized integrator is used,
followed by the ST-SMO, as opposed to a pure integra-
tor [31]. Moreover, it reduces chattering because ST-SMO
operates at a low sampling frequency [32]. The alteration does
not, however, enhance the ability to compensate for distur-
bances. To account for the system disturbance, the ST-SMO
is combined with an additional controller which suppresses
matched and mismatched disturbances [33], [34]. This paper
proposed a convergence enhancement method for ST-SMO
based on multiscalar control of IM observers to enhance the
anti-disturbance performance of ST-SMO.

The optimal convergence improvement of ST-SMO is used
to introduce a nonlinear sliding-mode manifold. In the case
of the conventional ST-SMO, the disturbance will lead the
system to diverge from the desired convergence, causing
convergence delay and poor transient performance. A dis-
turbance compensation term is developed and added to the
conventional control rule based on the proposed sliding-
mode manifold. Then, by forcing the system to converge
along the ideal trajectory despite system disruption. It can
offer satisfactory transient performance for precise practical
applications in challenging working environments.

II. INDUCTION MOTOR MODEL
The mathematical model of an IM is represented in the (α-β)
reference frame as in [32]:

disa
dt

= −
(RsL2r + RrL2m)

Lrwσ
isa +

RrLm
Lrwσ

ψrα +
Lm
wσ
ωrψrβ

+
Lr
wσ

Vsα (1)

dis
dt

= −
(RsL2r + RrL2m)

Lrwσ
is +

RrLm
Lrwσ

ψr −
Lm
wσ
ωrψrα

+
Lr
wσ

Vs (2)

dψrα
dt

= −
Rr
Lr
ψrα − ωrψrβ +

RrLm
Lr

isa (3)

dψr
dt

= −
Rr
Lr
ψr + ωrψra +

RrLm
Lr

is (4)

dωr
dt

=
Lm
JLr

(ψrais − ψr isa) −
B
J
ωr −

TL
J

(5)

where the designation of coefficient has been introduced as
wσ = LrLs − L2m

a1 = −
(RsL2r + RrL2m)

Lrwσ
, a2 =

RrLm
Lrwσ

, a3 =
Lm
wσ
, a4 =

Lr
wσ
,

a5 = −
Rr
Lr
, a6 =

RrLm
Lr
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III. PROPOSED CONTROL SYSTEM
The block diagram of the suggested ST-SMO for the speed
observer based on multiscalar control is shown in Fig. 1. The
entire system consists of an IM, a voltage source inverter,
an observer, and a control unit. The reference speed (x∗

11)
and rotor flux (x∗

21) serve as its inputs and the command
electromagnetic and reactive torque serve as its output. Based
on the applied reference flux linkage (x∗

21) and the reference
speed (x∗

11), the proposed strategy block diagram is shown in
Fig. 1. Conversely, electromagnetic reference torque (x∗

12) is
produced from the PI speed control loop’s output where the
input to the PI speed controller is the error of reference speed
and estimated speed (ex11). The inputs to the corresponding
PI controllers that produce the control variablesm1andm2 are
the errors between electromagnetic reference torque (x∗

12
) and

estimated electromagnetic torque (x̂12) and the error between
reactive reference torque (x∗

22) and estimated reactive torque
(x̂22) respectively. The nonlinearity compensation is done by
creating control variables (u1and u2) found in the multiscalar
model from x12 and x22 by decoupling the system. These
control variables will later transformed into the stator volt-
age usα and us components. Due to the multiscalar control
decoupling ability over the other model, without reducing
control performance, it is unaffected by the position of the
stator current and flux vectors and does not require coordinate
transformation. The only transformation stated in pink in the
block diagram is the one given by (45). To create the gating
signals (Sa, Sb and Sc), for the voltage source inverter (VSI)
that provides the necessary voltage to operate the IM, the
signals usα and us are eventually sent to the PWM block.
The proposed ST-SMO estimates the speed of the induction
motor. Its structure is presented in Fig. 2.

The differences between the modified ST-SMO and the
standard ST-SMO are in the nonlinear sliding surface mani-
foldmodification to obtain a sliding surface equal to zero, that
the system will be forced to follow the ST-ideal SMO pro-
vided the control law is tailored to ensure that the nonlinear
sliding mode manifold slides along the sliding surface mak-
ing it zero and modification of control law that the additional
control term added. The primary strategy for solving these
issues is enhanced anti-disturbance capabilities. To increase
anti-disturbance performance from the standpoint of

FIGURE 1. Block diagram of sensorless speed control of IM drives with
the proposed ST-SMO-based speed observer.

FIGURE 2. Schematic diagram of proposed ST-SMO speed observer.

convergence trajectory optimization, this research suggests
an ST-SMO. Thus, the primary concept of the proposed
ST-SMO is that the new sliding-mode manifold is introduced
to the conventional ST-SMO, the additional control term is
created and immediately included in the conventional control
law based on the manifold modification, and under system
disruption, the extra control term will compel the system to
converge along the sliding surface, eliminating the delay.

First, to design an observer structure taking an assumption
that the following flux observer is accessible.

dψ̂rα
dt

= Xα (6)

dψ̂r
dt

= X (7)

where Xα and X are designed control law.
The super twisting sliding mode current and flux observer

is designed as:

dîsa
dt

= −a4Rs îsa − a3
dψ̂rα
dt

+ a4Vsα + vα (8)

dîs
dt

= −a4Rs îs − a3
dψ̂r
dt

+ a4Vs + vβ (9)

dψ̂rα
dt

= Xα + vψα (10)

dψ̂r
dt

= X + vψβ (11)

where the designations of coefficients have been introduced
as

va = n1
∣∣∣ĩsa∣∣∣ 12 sign(ĩsa) + n2

∫
sign(ĩsa)dt + V1 (12)
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vβ = n1
∣∣∣ĩs ∣∣∣ 12 sign(ĩs ) + n2

∫
sign(ĩs )dt + V2 (13)

vψa = n4sign(ψ̃ra) + n5

∫
sign(ψ̃ra)dt + V3 (14)

vψ = n4
∣∣∣ψ̃r ∣∣∣ 12 sign(ψ̃r ) + n5

∫
sign(ψ̃r )dt + V4 (15)

where the derivatives of the additional terms are;

V̇1 = −n3sign(ξα) (16)

V̇2 = −n3sign(ξβ ) (17)

V̇3 = −n6sign(ξψrα ) (18)

V̇4 = −n6sign(ξψr ) (19)

also, the following terms in (16) - (19) are derived as
in (20)- (23) respectively;

ξα = ĩsa + n1
∣∣∣ĩsa∣∣∣ 12 sign(ĩsa) + n2

∫
sign(ĩsa)dt (20)

ξβ = ĩs + n1
∣∣∣ĩs ∣∣∣ 12 sign(ĩs ) + n2

∫
sign(ĩs )dt (21)

ξψrα = ψ̃ra + n4
∣∣∣ψ̃ra∣∣∣ 12 sign(ψ̃ra) + n5

∫
sign(ψ̃ra)dt

(22)

ξψr = ψ̃r + n4
∣∣∣ψ̃r ∣∣∣ 12 sign(ψ̃r ) + n5

∫
sign(ψ̃r )dt

(23)

where n1, n2. . .n6 are control signals, ξα, ξβ , ξψrα , and ξψr
are nonlinear sliding-mode manifold surfaces.

The errors are defined as ĩsa = îsa − isa, ĩs = îs − is ,

ψ̃ra = ψ̂ra − ψra, ψ̃r = ψ̂r − ψr

In the conventional speed estimation technique, it is assumed
that the real rotor flux is equal to the estimated rotor flux, and
the estimated rotor flux error is ignored because the real rotor
flux cannot be measured. The estimated rotor flux inaccuracy
significantly impacts the stability and robustness of speed
estimation. This study introduces the estimated rotor flux
error to the speed estimation technique. The estimated rotor
flux error should be improved because the error cannot be
measured in industrial situations.

Now, the auxiliary quantities are introduced to find the
rotor flux error as follows:

Zx = ĩsa +
Lm
wσ
ψ̃ra (24)

Zy = ĩs +
Lm
wσ
ψ̃r (25)

After differentiating (24) and (25), and simplification, the
following is obtained.

dZx
dt

=
dĩsa
dt

+
Lm
wσ

dψ̃ra
dt

= k1va (26)

dZy
dt

=
dĩs
dt

+
Lm
wσ

dψ̃r
dt

= k1v (27)

From (24) and (25), rotor flux error is constructed from Zx
and Zy as follows:

ψ̃ra =
wσ
Lm

(Zx − ĩsa) (28)

ψ̃r =
wσ
Lm

(Zy − ĩs ) (29)

Using ψ̃ra and ψ̃r variables, it is possible to add feedback
gain of rotor flux error to the flux observer. Defining the
current error as a model of estimation errors (8)– (9) has the
following form:

dĩsa
dt

= a1 ĩsa + a2ψ̃ra + a3
(
ω̃r ψ̂r + ω̂r ψ̃r − ω̃r ψ̃r

)
+ k1va (30)

dĩs
dt

= a1 ĩs + a2ψ̃r − a3
(
ω̃r ψ̂ra + ω̂r ψ̃ra − ω̃r ψ̃ra

)
+ k1v (31)

It is possible to define functions Xα and X depending on
the knowledge of estimated rotor fluxes (ψ̂ra and ψ̂r ) and
rotor flux errors (ψ̃ra and ψ̃r ) variables for defining the flux
observer as follows:

dψ̂rα
dt

= Xα = a5ψ̂rα − ω̂r ψ̂rβ + a6 îsa + k2vψα (32)

dψ̂r
dt

= X = a5ψ̂r + ωr ψ̂ra + a6 îs + k2vψβ (33)

Depending on (32) and (33), the dynamics of flux estima-
tion errors are given as follows:

dψ̃ra
dt

=a5ψ̃ra − ω̃r ψ̂r − ω̂r ψ̃r + ω̃r ψ̃r + a6 ĩsa + k2vψa
(34)

dψ̃r
dt

=a5ψ̃r + ω̃r ψ̂ra + ω̂r ψ̃ra − ω̃r ψ̃ra + a6 ĩs + k2vψ
(35)

The observer structure (8) - (11) is unstable when stabilizing
functions ( vα, vβ , vψα, vψβ ) are equal to zero because some
observer poles have positive values. The following Lyapunov
function can be selected to develop speed estimation, and the
proposed observer structure must be asymptotically stable.

V1 =
1
2
(ĩ2sα + ĩ2s + ψ̃2

rα + ψ̃2
r ) +

1
2

1
γω
ω̃2
r (36)

and V̇1 is negatively determined as

V̇1 = ĩsα
˙̃isα + ĩs

˙̃is + ψ̃ra
˙̃
ψra + ψ̃r

˙̃
ψr +

1
γω
ω̃r ˙̃ωr ≤ 0

(37)

The observer structure is asymptotically stable when the
Lyapunov theorem is met. By developing calculations, it is
possible to prove that to guarantee V̇1 ≤ 0 as follows:

V̇1 =


a1

(
ĩ2sα + ĩ2s

)
+ a5

(
ψ̃2
rα + ψ̃2

r

)
+

ω̃r

 1
γω

˙̃ωr + a3
(
ψ̂r ĩsα − ψ̂ra ĩs

)
+

(
ψ̂raψ̃r − ψ̂r ψ̃ra

) 
 ≤ 0 (38)
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where γω should be greater than zero and is a
gain.

The conventional rotor speed estimation ignoring rotor flux
error is found from (38) as:

˙̂ωr = γωa3
(
ψ̂ra ĩs − ψ̂r ĩsα

)
(39)

Using an adaptive system, it is possible to reproduce the rotor
speed from (38) with rotor flux error as:

˙̂ωr = γωa3
(
ψ̂ra ĩs − ψ̂r ĩsα

)
+

(
ψ̂r ψ̃ra − ψ̂raψ̃r

)
(40)

where γω is a gain.
Stator currents errors are convergent in finite time,

while the convergence of the speed and flux errors occurs
asymptotically.

A. MULTISCALAR CONTROL VARIABLES
In the multiscalar control approach, the speed (x11), torque
(x12), rotor flux modulus (x21), and reactive torque (x22) are
used as state variables. The outer loop of the independent
flux closed loop is subjected to negative feedback control
to improve control resilience and accuracy in the face of
parameter changes. The proposed technique, seen in Fig. 1,
includes a speed and flux outer loop controller, and torque
(x12 and x22) computations. This approach uses four state
variables based on rotor flux and stator current to the IM
model given in [36], [37], and [38]. The multiscalar control
of the IM is generated utilizing the following state variables.

x11 = ω̂r x21 = ψ̂2
rα + ψ̂2

rβ

x12 = ψ̂rα îsβ − ψ̂rβ îsα x22 = ψ̂rα îsα + ψ̂rβ îsβ (41)

The torque x12, is the vector product of the rotor flux and
stator current vectors, whereas the reactive torque x22, is the
dot product of the same vectors. The multiscalar control
method proposes a fourth-order model that properly captures
the dynamic and static properties of the IM using the rotor
flux and stator current state variables. Taking the derivatives
of the variables specified in (41) yields:

d
dt
x11 =

d
dt
ω̂r

d
dt
x12 = îsβ

d
dt
ψ̂rα + ψ̂rα

d
dt
îsβ − îsα

d
dt
ψ̂rβ − ψ̂rβ

d
dt
îsα

d
dt
x21 = 2ψ̂rα

d
dt
ψ̂rα + 2ψ̂rβ

d
dt
ψ̂rβ

d
dt
x22 = îsα

d
dt
ψ̂rα + ψ̂rα

d
dt
îsα + îsβ

d
dt
ψ̂rβ + ψ̂rβ

d
dt
îsβ

(42)

After substitution and simplification, the following is
obtained.

d
dt
x11 =

Lm
JLr

x12 −
TL
J
,
d
dt
x21 =

−2
Tr

(x21 − Lmx22)

d
dt
x12 = −τmx12 + m1,

d
dt
x22 = −τmx22 + m2 (43)

where τm =
LsRr−LrRs

wσ
is the electromagnetic time constant

of the motor, Tr is the rotor time constant, J is a moment
of inertia, TL is load torque, m1 and m2 are the output of PI
controllers used as control variables.

The nonlinearity compensation is done by creating control
variables (u1 and u2) that are found in the multiscalar model
from x12 and x22 (according to Fig. 1):

u1 =
wσ
Lr

(τmm1 + x11x22 +
Lm
wσ

x11x21)

u2 =
wσ
Lr

(τmm2 − x11x22 −
RrLm
Lrwσ

x21 −
RrLm
Lr

(
x212 + x222

x21
))

(44)

These control variables will later transformed into the stator
voltage components as follows:

usα =
u2ψ̂rα − u1ψ̂rβ

x21
, us =

u1ψ̂rα + u2ψ̂rβ
x21

(45)

IV. STABILITY ANALYSIS
The adaptive observer in the αβ-reference frame exhibits
more complicated nonlinear properties than other observers
in the dq-reference frame. To simplify the analysis, the
observer error system is characterized using the small
signal linearization approach, and the steady state oper-
ating point is produced by linearizing the system in the
dq-reference frame. The linearized system has a general
form:

d
dt
1x(t) = A1x(t) + B1u(t) (46)

where A and B are the Jacobian matrices and 1x(t) =

[ĩsd , ĩsq, ψ̃rd , ψ̃rq]T , 1u(t) is known as control inputs.
The estimator system is oriented with the rotor flux vector

ψ⃗r , so
∣∣∣ψ⃗r ∣∣∣ =

√
ψ∗2
rd + ψ∗2

rq and the stator current vector
components and ωψ can be treated as follows:

isd =
ψ∗
rd

Lm
, isq =

T ∗
L

a4ψ∗
rd

(47)

Considering general form for 1u(t) = 0, the linearized
observer’s errors model has the form

1ẋ = A1x +1Ax̂,1is = B1x (48)

where x =
[
is ψ r

]T
, is =

[
isd isq

]T
,ψ r =

[
ψ rd ψ rq

]T

A =


a11 ωe a12 0
−ωe −a11 0 a12
a13 0 −a14 ωsl
0 a13 −ωsl a14

 ,

1A =


0 0 0 0
0 0 0 0
0 0 0 1ωr
0 0 −1ωr 0
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B =

[
B11 0 −B12 0
0 B11 0 −B12

]
, a11=

RsLr
wσ

, a12=
RsLm
wσ

,

a13=
RrLm
wσ

, a14 =
RrLs
wσ

,B11 =
Lr
wσ
,B12 =

Lm
wσ
,

The solution of (48) is as follows:

1ĩs = [sI − A]−11Ax̂ (49)

where

[sI − A]−1
=

1
|sI − A|


b11 b12 b13 b14
b21 b22 b23 b24
b31 b32 b33 b34
b41 b42 b43 b44

 (50)

where the coefficients of the inverse matrix [s I − A] are
represented by the terms bij. The open-loop transfer function
for the speed error (1ωr ) is obtained as follows.

1ωr

ωr
= GConv(s)ψ̂2

r (51)

whereGConv(s) is conventional transfer function and given as;

GConv(s) =
1

|sI − A|
[B12b33 − B11b13] (52)

Substituting b13 and b33 in (52), where b13 and b33 are coef-
ficients of the inverse matrix, an open loop transfer function
is given as follows:

GConv(s)=
1

|sI − A|

[
s3 + (a11 + a14)s2 + δa11a14s+ ω2

es
+(a11ωeωsl + a14ω2

e )

]
(53)

Hence, the transfer function has the form

ω̂r

1ωr
= (kp+

ki
s
)GConv(s)ψ̂2

r (54)

where it is assumed that kp = 0 and ki = γ >0.
The conventional and proposed speed estimation is dis-

cussed in this section to enhance the dynamic performance
of speed estimation. The graphs were displayed to examine
the dynamic performance of the system.

An efficient way to evaluate the stability and dynamic per-
formance is to use the pole-zero map of an open-loop transfer
function. To guarantee the stability of speed estimation, all
of the poles and zeros have to remain in the left-hand plane.
In (54) with rotor speed ranging from−1.0 to 1.0 p.u. the pole
zero-map is shown in Fig. 3(a and b). The system is unstable

FIGURE 3. Pole-zero map of (54) with a conventional method a) rotor
speed changing from 0.1 to 1 p.u. b) rotor speed changing
from -0.5 to 1 p.u.

when some of the zeros are on the right-hand plane when the
motor is at low speed or regenerating mode.

The relationship between the coefficient selection and sys-
tem dynamic performance is examined in this section using
the Bode diagram. The bode diagram of (54) with PI correc-
tion of kc = 0 is shown in Fig. 4(a and b), under rated load
conditions. It is decided to use rotor speeds from −1 p.u to
1 p.u. The phase margin of the transfer function (54) must
be within 90◦ to ensure system stability because the speed
estimation of the AFO is built using the principle of Lyapunov
stability. Fig. 4a shows that the AFO is stable without a load
from 0.1 p.u to 1 p.u. in motoring mode. However, in Fig. 4b,
the system is unstable because the maximum phase would
exceed 90◦ when the speed dropped with the rated load and
in regenerating mode. As a result, the AFO is unstable at
ultralow speeds and regenerating mode under the rated load
situation.

FIGURE 4. Bode diagram of (54) with conventional method under the
rated load a) rotor speed changing from 0.1 to 1 p.u, b) rotor speed
changing from −0.5 to 0.5 p.u.

V. PROPOSED ROTOR SPEED ESTIMATION
This sub-section considers the improved rotor speed estima-
tion with a rotor flux error consideration.

The open-loop transfer function for the speed error can be
obtained from the following.

1ωrN

ωr
= GN (s)ψ̂2

r (55)

where GN (s) is the new transfer function and given as:

GN (s) =
1

|sI − A|

×

[
B12b33 − B11b13 + kf kc(B12b33 − B11b13)
+(B11b14 − B12b34)

]
(56)

kc is a positive gain constant and kf = sign(ωr ).
Hence, the transfer function has the form

ω̂r

1ωr
= (kp+

ki
s
)GN (s)ψ̂2

r (57)

In the conventional speed estimation shown in (39), the error
signals use measured currents compared to the estimated
currents, and then speed is estimated. To improve stability,
the stabilizing function with rotor flux error is included in the
speed estimation in the improved speed estimation. The speed
adaptive law given in (39) is adjusted as in (40) to ensure the
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stability of the speed adaptive error since the conventional
speed estimation is unstable as stated in the previous section.
The improved adaptive rotor speed estimation method is
taken into consideration, and the modified speed adaptive
equation is obtained by,

˙̂ωr

=γω

((
ψ̂ra ĩs − ψ̂r ĩsα

)
+

(
ψ̂r ψ̃ra − ψ̂raψ̃r

)
+ kckf ŝω

)
(58)

where ŝω is a stabilizing function given in [35].
When the roots of (56) are solved using various kc values,

it can be seen in Fig. 5a that for lower kc values, the real
component of unstable zero is located on the imaginary axis
of the s-plane in the regeneratingmode. The system’s stability
improves as the value is increased starting from 0.1, as seen in
Fig. 5(a and b) as the unstable zero shifts from the right to the
left side of the s-plane. To guarantee that the real component
of unstable zero resides in the left half of the s-plane for
this article, the value should be greater than 0.5, with the
range of 0.5 to 5 being considered. In a broader sense, the
numerator coefficients can be solved to obtain the value of kc,
and a separate value is considered for determining the stable
gain kc. Then, through the estimation, the rotor speed varies
from −1 to 1 rad/s (p.u). The minimal value of kc has been
determined to be positive and should be kc > 0.5 for classical
speed estimation. Still, in the case of an updated AFO, the
system is stable even if kc reaches zero.

FIGURE 5. Pole-zero map of (53) with a conventional method rotor speed
changing from a) -1 to 1 p.u, kc = 0.5. . . 3, γω = 0.5, b) −1 to 1 p.u,
kc = 2. . . 8, γω = 0.5.

As can be observed, after applying the suggested stabi-
lizing function and rotor flux error, the maximum phase is
constrained to 90◦, indicating that the system is now stable.
The system is prone to instability as the maximum phase
approaches 90◦, in any case. As a result, the kc choice should
be a compromise between stability and dynamic performance
improvement. This article proposes including the stabilizing
function with rotor flux error instead of restricting the design
to the single objective of stability, as used in feedback gain
design. It also introduces a new term that permits the dis-
placement of poles from unstable regions to stable ones for
improving dynamic performance.

The Bode plot of a point operating below the lowest value
of kc with a speed of −1 to 1 (p.u) rad/s is shown in Fig. 6a.
This system is unstable because the maximum phase would
exceed 90◦ when the value of kc is smaller. As a result, the

system is unstable at a lower value of kc. The bode plot
of a point operating at the lowest value of kc with a speed
of − 1 to 1 (p.u) rad/s is shown in Fig. 6b. This system is
robustly stable since the gain margin is unlimited and the
phase margin is positive.

It has been found that the system is stable with various kc
gains at different operating points. The work has centered on
enhancing the improved speed estimation algorithms for sta-
bility improvement. Moreover, parameter uncertainties and
nonlinearities at low speeds could lead to an incorrect speed
estimation. The enhanced approach increases the accuracy of
the speed estimation. In-depth simulations and tests are also
used to study the system, and it is discovered to be stable
under all feasible operating situations.

FIGURE 6. Bode diagram of the system under the rated load with rotor
speed changing from −1 to 1 p.u, kc = 0.5. . . 5, γω = 1, a) conventional
method b) proposed method.

In Fig. 7 the pole-zero map and bode plot of updated law
for both the motoring mode and regenerating mode operating
point are displayed. The influence of changes value of kc from
0.1 to 3 is shown and visible in Fig. 7b that for kc around
zero, the proposed system (57) is stiff towards the critical
path for the small speed value of rotor speed and regener-
ating mode. In contrast, the structure is still stable as shown
in Fig.7(a and b).

FIGURE 7. Pole zero map and Bode diagram of the proposed method
under the rated load with rotor speed changing from −1 to 1 p.u, kc =

0.1. . . 3, γω = 0.5.

VI. SIMULATION RESULTS
The simulations are done at various speed ranges when the
motor is loaded. Figure 8a shows that the speed begins at
0.1 rad/s p.u and progressively increases and is maintained
constant at 1 rad/s p.u. After 8s, the speed command is
changed from 1 to −1 rad/s p.u. The simulation findings
show that the proposed stabilizing function-based adapta-
tion technique improves the drive operation stability. When
defined stabilizing function-based adaptation is employed,
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FIGURE 8. Simulation results of IM under the rated load with rotor speed
a) changing from 1 to −1 p.u, b) changing from 0.1 to −0.1 p.u.

the speed error is too small as shown in Fig.8 (a and b).
To test the proposed system for speed reversal, a step change
of 0.1 rad/s p.u for 8 s before reversing to −0.1 rad/s p.u for
8 s is applied. Furthermore, the induction motor drives rated
load torque is applied. During speed reversals, the speed goes
through zero, causing the speed error to diverge. Using the
proposed system reduces the instability problem as shown
in Fig. 8b at low speed under the rated load. Under both
motoring and regenerating modes, the ripples in speed and
machine torque are negligible. The simulations revealed a
considerable sensitivity to stator resistance fluctuations at low
speeds under rated load.

VII. EXPERIMENTAL RESULTS
The specified experimental tests were conducted on the
5.5 kW, 400V/11A, 50Hz, 1420rpm driving system using
a DC motor load as shown in Fig. 9. The control method
was based on multi-scalar variables [36] and the proposed
observer structures were integrated into the interface of a DSP
Sharc ADSP21363 floating-point signal processor and an
Altera Cyclone 2 FPGA. The transistor switching frequency
was 3.3 kHz, and the sampling duration was 150 µS. Table 1
shows the nominal parameters for IM, Table 2 shows the
adaptive PI gains of the system and Table 3 shows the gains
of the observer.

FIGURE 9. Experimental setup.

TABLE 1. IM parameters and references unit.

TABLE 2. Adaptive PI gains of sensorless control system.

FIGURE 10. The experimental results during speed reversal from
regenerating mode to motoring mode of operation.

A. MOTORING AND REGENERATING MODE OF
OPERATION
Fig. 10 displays the experimental findings of testing the step
speed change performance of the drive using a proposed
system from regenerating to motoring mode of operation.
The findings show a good speed tracking ability from −1
to 1 rad/s p.u. Fig. 11 shows experimental findings for the
IM drives from motoring to regenerative mode of operation
which occurs from the first quadrant to the second and fourth
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FIGURE 11. The experimental results during speed reversal motoring
mode to regenerating mode of operation.

FIGURE 12. The experimental results in low-speed regeneration
operation range of speed reversal test from +0.2 to −0.2 rad/s p.u.

quadrants. The result shows that the estimated speed follows
the reference speed well, and the speed error is very small.
The proposed approach for speed sensorless IM drives pro-
vides an accurate and stable estimate for wide-speed reversals
in the motoring and regenerating mode of operations.

B. LOW-SPEED OPERATION PERFORMANCE
Fig. 12 shows the performance of the proposed speed esti-
mation at low speeds. The estimated speed closely matches
the reference speed at a low speed of 0.2 rad/s. The proposed
approach provides a more accurate and stable estimation for
low-speed reversals in the motoring and regeneratingmode of

FIGURE 13. Experimental results in low-speed regeneration operation
range of speed reversal test from +0.05 to −0.05 rad/s p.u. for
conventional method (red (ωrConv )) vs Modified method (black(ω̂rConv)).

TABLE 3. Gains of speed observer.

operation. In Fig. 12, the estimated and real speed difference
error is minimal. As shown in Fig. 13, the proposed observer’s
response at a very low speed, even at 0.05 rad/s, confirms that
the proposed estimated rotor speed (ω̂rConv) converges with
the rotor speed and tracks the reference rotor speed with a
very small inaccuracy over conventional ST-SMO (ωrConv).
The oscillations of the estimated speed are determined by the
gains chosen values.

C. ZERO-SPEED OPERATION PERFORMANCE
Fig. 14 depicts the performance of the proposed system
of speed sensorless IM drives during zero-speed opera-
tion. The speed step changes from 0.1 rad/s p.u. to zero.
The studies revealing that the IM system successfully func-
tioned at zero speed, as shown in Fig. 14, ensure the
stability of the sensorless IM system in the ultra-low-speed
zone.

Fig. 15 shows the performance of the proposed speed
estimation at very low speeds of 0.015 rad/s p.u. with a load
torque of−0.02Nm p.u. The estimated speed closely matches
the reference speed even at a low speed of 0.015 rad/s with
regenerative load torque. The proposed approach of speed
sensorless control of IM drives provides a more accurate and
stable estimation for low-speed reversals in the motoring and
regenerating mode of operation.
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TABLE 4. Comparison between classical and proposed approach.

FIGURE 14. The experimental results at zero speed operation of the
Conventional method (red(ωrConv )) with the modified method
(black(ω̂rMod )).

D. LOAD TORQUE INJECTIONS
In Fig. 16, when the induction motor runs at a speed of
0.1 rad/s p.u, the load torque value is+0.7 Nm p.u. (motoring
mode) is abruptly applied. Then after 0.5s, the load torque
is changed to −0.7 Nm p.u. (regenerating mode). For this
case, after 0.5s (TL ∼ −0.7 Nm p.u.), the conventional
method is unstable, and after 1.5s machine is stopped. The
findings show good speed tracking ability at 0.1rad/s p.u.
stable with motoringmode but unstable at regeneratingmode.
In Fig. 17 the load torque value of the IM is changed from
+0.7 Nm (motoring mode) to −0.7 Nm (regenerating mode).
The AFO experiment results employ the proposed speed
estimation approach, in which speed is evaluated using (58).
For this case, after 1.5s (TL ∼ −0.7 Nm p.u.) the proposed
method is stable for regenerating mode. The figure shows
that the motor’s speed oscillates somewhat, with a recovery

FIGURE 15. The experimental results of the proposed method under the
load torque and ultralow speed operation.

FIGURE 16. The load torque changes from motoring mode +0.7 Nm p.u to
regenerating mode −0.7 Nm p.u for conventional method.

time of 1s. The control system recovers the oscillation. Even
when load torque is applied suddenly, the estimated speed
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FIGURE 17. The load torque changes from motoring mode +0.7 Nm p.u to
regenerating mode −0.7 Nm p.u for the proposed method.

remains consistent with the reference value. The error oscil-
lates within ± 0.02 rad/s p.u due to load disturbances when
load is applied, but soon some of the error is recovered and
reduced to ± 0.009 rad/s p.u. The proposed system approach
maintains the motor’s inaccuracy even when a load is rapidly
imposed, as seen in Fig. 17.
Table 4 compares existing approaches and suggested meth-

ods for ST-SMO. Existing approaches solely examine the
design of feedback gains and employ conventional speed
estimation, ignoring estimated rotor flux error. This will
impact observer convergence, preventing the estimated rotor
speed from converging to its true value, while the proposed
approach improves the estimated rotor speed convergence to
its true value.

VIII. CONCLUSION
The proposed Super Twisting SMO for high-performance
sensorless speed control of IM was suggested in this work.
The proposed approach incorporates a sliding-modemanifold
by the ideal convergence of ST-SMO, which resolves the
chattering issue and enhances the system’s robustness and
stability. The Lyapunov stability theorem has been used to
mathematically examine and demonstrate the system’s stabil-
ity. The simulation results show how superior the proposed
system is at rejecting disturbances, and load changes, and
operating at a low-speed regenerating mode of operation.
Additionally, the proposed ST-SMO produced superior out-
comes when operated in a closed loop. It is evident from
the experimental results of this study that the significant
advancements are; that conventional ST-SMO innate chat-
tering is eliminated, the rotor speed responds quickly in a
transitory situation, and the proposed ST-SMO enables the
system to be of extremely high precision and good track.
Generally, the outcomes show that the approach devised in
this study offers a very alluring and potential speed control
for high-performance AC drives.
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