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Abstract

High-performance sensorless operation in multiphase electric drives requires speed estima-
tion techniques capable of providing fast dynamic response, reduced oscillatory behavior,
and low implementation complexity. In this context, a sliding-mode observer (SMO) based
on an exponential reaching law (ERL) is proposed for rotor speed estimation in asymmet-
rical six-phase induction machines operating under indirect rotor field-oriented control.
Unlike conventional SMO implementations, the proposed approach avoids auxiliary low-
pass filtering (LPF) stages by employing an ERL-based adaptive gain mechanism, thereby
preventing the phase delay and bandwidth reduction commonly associated with LPF-based
observers. As a result, the proposed observer preserves fast transient dynamics, attenuates
chattering near the sliding surface, and improves the smoothness of the estimated signals.
The proposed technique is particularly suitable for multiphase drive applications, where
sensorless operation reduces hardware complexity and improves system reliability by
eliminating mechanical speed sensors and associated wiring. A Lyapunov-based stability
analysis is presented to demonstrate the convergence properties of the observer and discuss
the influence of the ERL parameters on the estimation dynamics. Simulation and experi-
mental results obtained on a real-time test bench validate the digital implementation of the
proposed SMO + ERL, demonstrating improved transient tracking, smoother estimated
signals, stable low-speed operation, satisfactory speed reversal performance, and effective
operation under loaded conditions.

Keywords: electric motor drives; exponential reaching law; six-phase induction machine;
sliding-mode control; speed sensorless

1. Introduction
The growing adoption of multiphase electric machine drives in high-performance

applications is primarily motivated by their improved power distribution capability, re-
duced torque ripple, additional control degrees of freedom, and inherent fault-tolerant
features compared with conventional three-phase systems [1,2]. These characteristics are
particularly attractive in applications where reliability, availability, and power scalability
are critical requirements. Representative examples include electric traction, where the
stator current can be distributed across a larger number of phases to reduce the per-phase
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current rating and improve post-fault operating capability; marine electric propulsion and
aerospace electromechanical actuators, where continuity of service under fault conditions
is essential; and wind energy conversion systems, small hydropower generation, and
high-power industrial drives, where modular converter configurations and enhanced fault
tolerance contribute to improved system availability [2–7]. In particular, asymmetrical six-
phase induction machines (SPIMs) with isolated neutrals are especially suitable for medium-
and high-power conversion systems because they can be supplied by two conventional
three-phase voltage-source inverters (VSIs), enabling modular power conversion. Further-
more, the vector-space decomposition (VSD) framework enables independent regulation of
the torque-producing and non-torque-producing subspaces, improving the flexibility of
the control strategy [8,9].

Within this context, field-oriented control (FOC) remains one of the most widely
adopted strategies for high-performance induction motor drives, while indirect rotor-flux-
oriented control (IRFOC) is particularly attractive due to its relatively simple implemen-
tation and well-established industrial applicability [10]. Nevertheless, high-performance
IRFOC requires accurate rotor speed information for both the outer speed regulation loop
and the synchronous reference-frame generation. In this context, the use of mechanical
speed sensors increases hardware complexity, cost, and maintenance requirements, and
limits their applicability in harsh operating environments [11]. Consequently, sensor-
less control strategies based on state observers have become an active research topic for
electric drives.

Accordingly, several observer-based sensorless strategies for multiphase machines
have also been reported in the literature, including extended Kalman filter (EKF)-based
estimation schemes, model reference adaptive systems (MRAS), adaptive rotor-parameter
identification techniques, and fault-tolerant sensorless control approaches under phase-loss
conditions, among others [12–16]. Concurrently, emerging finite position set phase-locked
loop (FPS-PLL) techniques have been recently developed to improve position tracking per-
formance by eliminating conventional PI synchronization loops, although their application
is predominantly restricted to permanent magnet synchronous motor drives due to their
straightforward flux-position coupling [17,18]. Although these various methods provide
satisfactory estimation performance, they are often associated with higher parameter tuning
effort or increased computational complexity; the latter is a prominent limitation in both
EKF algorithms and predictive search-based methods like the FPS-PLL, which may require
intensive iterative processing within each sampling period [19]. Therefore, there remains
significant interest in developing sensorless estimation techniques capable of providing fast
dynamic response and reduced oscillatory behavior while maintaining low implementation
complexity in multiphase drives.

Among the different sensorless approaches, sliding-mode observers (SMOs) have been
extensively investigated due to their favorable dynamic behavior, inherent robustness fea-
tures, accurate state reconstruction capability and suitability for real-time implementation
in electric drives [20–23]. Recent studies focused on multiphase drives have demonstrated
the feasibility of SMO-based speed estimation within VSD-based control structures, high-
lighting the practical considerations associated with multiphase modeling and implemen-
tation [24–29]. In particular, these studies confirm the potential of SMO techniques for
multiphase machine drives; however, the number of reported contributions remains limited
in the case of asymmetrical SPIM. From an implementation perspective, conventional SMO
usually reconstruct the equivalent control signal by applying a low-pass filter (LPF) to
the discontinuous switching term. Although this approach attenuates the high-frequency
components associated with the switching action, it introduces phase delay and reduces
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the effective observer bandwidth, thereby degrading the estimation performance during
low-speed operation and fast dynamic transients [30,31].

To overcome these limitations, various formulations have been investigated for sliding-
mode control and observer design of the SPIM [32,33]. In particular, exponential reaching
laws (ERLs) provide an adaptive convergence mechanism in which the observer gain
evolves according to the magnitude of the sliding variable. This behavior allows stronger
correction during large estimation errors while naturally reducing the effective switching
activity as the trajectory approaches the sliding surface. Consequently, the ERL formulation
improves the smoothness of the estimated signals and mitigates chattering effects without
requiring additional low-pass filtering stages [25].

Motivated by these considerations, this paper proposes a speed-sensorless control
strategy for an asymmetrical SPIM using a sliding-mode observer enhanced with an expo-
nential reaching law (SMO + ERL). The main contributions of this work are summarized
as follows:

• An SMO + ERL formulation for rotor speed estimation in asymmetrical SPIMs operat-
ing under IRFOC, where the classical LPF stage is eliminated through an ERL-based
adaptive gain mechanism;

• A Lyapunov-based stability analysis establishing global reaching and convergence of
the current and rotor-flux estimation errors while analyzing the influence of the ERL
parameters on the observer dynamics and chattering attenuation;

• A comprehensive simulation and experimental validation under transient and steady-
state operating conditions, demonstrating improved dynamic response, smoother
estimation behavior, and reduced oscillatory effects compared with the conventional
LPF-based SMO implementation.

The organization of this paper is outlined as follows. Section 2 presents the mathe-
matical formulation of the asymmetrical SPIM drive and its associated dynamic model
in the stationary reference frame. Section 3 details the proposed speed-sensorless control
approach that combines IRFOC with the SMO + ERL observer. In Section 4, a Lyapunov-
based stability analysis of the proposed SMO + ERL estimation scheme is carried out.
Section 5 reports both simulation and experimental results obtained from the laboratory
test bench under steady-state and transient operating conditions, including speed reversal
and load variation tests. Section 6 discusses the performance of the proposed strategy using
quantitative indicators, including tracking accuracy and current regulation quality. Finally,
Section 7 summarizes the main conclusions and contributions of this work.

2. Mathematical Model of the SPIM
The electric drive under study corresponds to an asymmetrical SPIM composed of

two three-phase stator windings spatially displaced by 30◦ electrical with isolated neutral
points, as shown in Figure 1. This configuration is widely adopted in multiphase drive
applications due to its enhanced fault-tolerance capability, power-sharing characteristics,
and reduced low-order harmonic content resulting from the spatial displacement between
the two three-phase stator winding sets [34,35].

The dynamic behavior of the SPIM can be initially described in the phase domain by a
set of differential equations with time-varying coefficients. Nevertheless, this representation
is not suitable for control synthesis and observer design due to its high dimensionality and
parameter coupling. To obtain a formulation with constant parameters, the vector space de-
composition (VSD) approach is employed, thereby transforming the six-phase system into a
set of orthogonal subspaces with clear, distinct physical interpretations. In this framework,
the original phase variables are mapped into three independent two-dimensional sub-
spaces [36]. The (α–β) subspace represents the fundamental energy conversion mechanism
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of the machine, as it is directly responsible for air-gap flux generation and electromag-
netic torque production. Consequently, this subspace plays a dominant role in speed and
torque control. The (x–y) subspace is associated with non-torque-producing harmonic
components, which mainly contribute to additional copper losses and current distortion
without participating in electromechanical energy conversion [37]. Finally, the (z1–z2)

subspace corresponds to zero-sequence components; however, due to the isolated neutral
configuration of the SPIM, these components do not circulate and therefore have no impact
on the machine dynamics.

By applying an amplitude-invariant Clarke transformation to the stator and rotor
phase variables, the electrical quantities are mapped into the (α–β), (x–y), and (z1–z2)

subspaces. The transformation matrix C is defined as:

C =
1
3


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
, (1)

such that any electrical variable can be expressed as:[
Xα Xβ Xx Xy Xz1 Xz2

]T
= C

[
Xa Xd Xb Xe Xc X f

]T
, (2)

where X represents stator or rotor voltages, currents, or flux linkages.

Figure 1. Configuration of the asymmetrical SPIM with a double three-phase two-level VSI.

Under these considerations, the stator voltage equations in the stationary reference
frame can be written as:

vαs = Rsiαs +
.

ψαs, (3)

vβs = Rsiβs +
.

ψβs, (4)

vxs = Rsixs +
.

ψxs, (5)

vys = Rsiys +
.

ψys, (6)

vz1s = Rsiz1s +
.

ψz1s, (7)

vz2s = Rsiz2s +
.

ψz2s. (8)

For the squirrel-cage rotor, the rotor voltages are zero, leading to the following equa-
tions in the (α–β) subspace:
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0 = Rriαr +
.

ψαr + ωrψβr, (9)

0 = Rriβr +
.

ψβr − ωrψαr, (10)

where ωr denotes the electrical rotor speed. The flux linkages are related to the stator and
rotor currents by:

ψαs = Lsiαs + Miαr, ψβs = Lsiβs + Miβr, (11)

ψαr = Lriαr + Miαs, ψβr = Lriβr + Miβs, (12)

ψxs = Llsixs, ψys = Llsiys, (13)

ψz1s = Llsiz1s, ψz2s = Llsiz2s, (14)

where M = 3Lm is the mutual inductance, Ls = Lls + M and Lr = Llr + M are the stator
and rotor inductances, respectively.

The electromagnetic torque developed by the SPIM depends exclusively on the (α–β)

components and is expressed as:

Tem =
6
2

PM
(
iαriβs − iβriαs

)
, (15)

where P is the number of pole pairs.
Finally, the mechanical dynamics of the machine are governed by:

Tem − TL = J .
ωm + Bωm, (16)

with TL being the load torque, J the moment of inertia, and B the viscous friction coefficient.
The mechanical and electrical rotor speeds are related by:

ωm =
ωr

P
, (17)

which allows the mechanical equation to be rewritten directly in terms of the electrical
speed as:

Tem − TL =
J
P

.
ωr +

B
P

ωr. (18)

3. Proposed Speed Sensorless Control Strategy
High-performance operation of multiphase electric drives requires a closed-loop

control structure capable of accurately regulating torque and speed under a wide range of
operating conditions. Conventionally, such control schemes rely on direct measurement
of the rotor speed using mechanical sensors. When this information is replaced with an
observer-estimated signal, the drive operates in a sensorless configuration while preserving
the overall control architecture.

In the proposed approach, the control system is organized in a cascaded structure
composed of an outer speed regulation loop and inner current control loops. The estimated
rotor speed is used both for speed feedback and for reference frame synchronization. The
voltage references generated by the control algorithm are applied to the six-phase VSI
through a modulation stage. Although some advanced methods compute switching states
directly, a carrier-based pulse width modulation (CB-PWM) strategy is adopted in this
work for its simplicity and suitability for real-time digital implementation.

3.1. Indirect Rotor Field-Oriented Control (IRFOC)

IRFOC is employed as the baseline vector control strategy. This method, originally
developed for three-phase induction machines, has been extensively adapted to multiphase
drives and offers a convenient framework for decoupled control of electromagnetic torque
and rotor flux [37].
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As shown in Figure 2, the IRFOC strategy applied to the asymmetrical SPIM is based
on the transformation of stator currents from the stationary (α–β) reference frame into
a synchronously rotating (d–q) frame. By aligning the d-axis with the rotor flux vector,
the direct-axis current component governs the flux level, whereas the quadrature-axis
component controls the electromagnetic torque. This decoupling requires the angular
position of the rotating reference frame, denoted as θa, to be continuously updated.

In sensorless operation, θa is not obtained from a mechanical position sensor. Instead,
it is reconstructed from the estimated electrical rotor speed provided by the SMO + ERL
and the slip angular frequency required by the IRFOC scheme. The observer estimates the
electrical rotor speed ω̂r in the stationary (α–β) subspace, and the corresponding estimated
mechanical speed is computed as:

ω̂m =
ω̂r

P
, (19)

This estimated speed is used as feedback in the outer speed-control loop, whose output
defines the reference quadrature-axis current i∗qs. The direct-axis current reference i∗ds is
kept constant to impose the rotor-flux orientation.

The slip angular frequency is then calculated from the rotor parameters and current
references according to the standard IRFOC formulation [32,37]:

ω∗
slip =

Rr

Lr

i∗qs

i∗ds
, (20)

The estimated synchronous angular speed used to generate the rotating reference
frame is therefore obtained as:

ω̂a = ω̂r + ω∗
slip. (21)

Finally, the angular position required by the Park and inverse Park transformations is
computed by integrating ω̂a:

θa(t) =
∫ t

0
ω̂a(t′) dt′ (22)

The Park transformation applied to the stator current components is given by:[
ids

iqs

]
=

[
cos θa sin θa

− sin θa cos θa

][
iαs

iβs

]
, (23)

where θa denotes the angular position of the rotating reference frame [37].
The speed regulation loop is implemented using a proportional–integral (PI) controller,

whose output defines the reference for the q-axis stator current. This loop compensates for
load disturbances and ensures accurate tracking of the speed reference. The control law of
the speed controller can be expressed as:

i∗qs = Kp(ω
∗
m − ω̂m) + Ki

∫
(ω∗

m − ω̂m)dt, (24)

where ω∗
m is the reference mechanical speed, ω̂m corresponds to the estimated speed, Kp

and Ki are the PI controller gains.
The inner current control loops regulate the d- and q-axis stator currents using PI

controllers with decoupling terms that compensate for cross-coupling effects. The reference
d-axis current is kept constant at its nominal value to guarantee proper magnetization
of the machine. In addition, the current references in the (x–y) subspace are set to zero
in order to suppress non-torque-producing harmonic components and minimize copper
losses, exploiting the isolated neutral configuration of the SPIM.
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Figure 2. IRFOC scheme for an asymmetrical SPIM with isolated neutrals.

3.2. Sliding Mode Observer with Exponential Reaching Law (SMO + ERL)

The proposed observer is formulated in the stationary (α–β) subspace, where the
electromechanical energy conversion takes place, and preserves the conventional SMO
state structure derived from the induction machine model expressed in the stationary
reference frame. The observer employs measured stator currents together with estimated
rotor flux components in the (α–β) subspace to estimate the rotor speed within the IRFOC
scheme. Unlike classical SMO implementations, which typically require a LPF to reconstruct
the equivalent control signal, the proposed approach incorporates an ERL-based adaptive
gain mechanism to obtain the speed estimation signal directly from the switching function
without any auxiliary filtering stage. Consequently, the proposed formulation avoids the
phase delay associated with LPF-based approaches while improving the smoothness of the
estimated signals. The estimated speed is then used for both feedback and synchronous
reference-frame generation within the IRFOC structure, whereas the non-torque-producing
(x–y) current components are regulated to zero in order to reduce copper losses.

3.2.1. Observer State Equations

The state equations describing the electrical dynamics of the induction machine are
expressed as:

.
ψαr = −a5ψαr − ωrψβr + a4iαs, (25)
.

ψβr = −a5ψβr + ωrψαr + a4iβs, (26)
.
iαs = a2ψαr + a3ωrψβr − a1iαs + a6vαs, (27)
.
iβs = a2ψβr − a3ωrψαr − a1iβs + a6vβs, (28)
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where a1, . . . , a6 are positive coefficients defined from the electrical parameters of the
machine as:

a1 =
Rs

σLs
+

M2

σLsLrτr
, a2 =

M
σLsLrτr

, a3 =
M

σLsLr
,

a4 =
M
τr

, a5 =
1
τr

, a6 =
1

σLs
,

(29)

with τr = Lr/Rr and σ = 1 − M2/(LsLr). The corresponding observer dynamics for the
estimated rotor flux and stator currents are defined as:

.
ψ̂αr = −a5ψ̂αr − ω̂rψ̂βr + a4iαs, (30)
.
ψ̂βr = −a5ψ̂βr + ω̂rψ̂αr + a4iβs, (31)
.
îαs = a2ψ̂αr + a3ω̂rψ̂βr − a1 îαs + a6vαs, (32)
.
îβs = a2ψ̂βr − a3ω̂rψ̂αr − a1 îβs + a6vβs. (33)

3.2.2. Estimation Error Dynamics

ĩαs = îαs − iαs , ĩβs = îβs − iβs ,
ψ̃αr = ψ̂αr − ψαr , ψ̃βr = ψ̂βr − ψβr ,
ω̃r = ω̂r − ωr.

(34)

By subtracting the plant equations from the observer equations, the current estimation
error dynamics can be obtained as:

.
ψ̃αr = −a5ψ̃αr − ω̃rψ̂βr − ωrψ̃βr, (35)
.

ψ̃βr = −a5ψ̃βr + ω̃rψ̂αr − ωrψ̃αr, (36)
.
ĩαs = −a1 ĩαs + a2ψ̃αr + a3ωrψ̃βr + a3ω̃rψ̂βr, (37)
.
ĩβs = −a1 ĩβs + a2ψ̃βr − a3ωrψ̃αr − a3ω̃rψ̂αr. (38)

4. Stability Analysis of the SMO + ERL Without LPF
This section establishes sufficient stability conditions for the proposed SMO + ERL

speed observer when the discontinuous switching function is implemented directly using
the sign operator, thereby avoiding an auxiliary LPF. The derivation follows the same
Lyapunov-based framework commonly adopted in SMO analyses for multiphase induction
machines, where the current estimation error is first studied and subsequently the rotor
flux estimation error is examined under sliding mode [24].

4.1. Sliding Surface Definition

To enforce convergence of the current estimation errors, the sliding surface is defined as:

Sbn = ĩβsψ̂αr − ĩαsψ̂βr. (39)

This surface represents a weighted cross-product between the stator current error
and the estimated rotor flux vector, thereby promoting both current-error reduction and
proper alignment of the rotor flux and stator current in the (α–β) plane, consistent with
flux-oriented control. The condition Sbn → 0 ensures current error minimization and
correct flux-current alignment under rotor-flux oriented control.
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4.2. ERL Speed Adaptation Without LPF

The proposed observer directly uses the discontinuous sign function combined with
the exponential reaching gain:

ω̂r = KSbn sign(Sbn), (40)

with the adaptive gain defined as:

KSbn = Kmin + (Kmax − Kmin)
(

1 − e−λ|Sbn |
)

, Kmax ≥ Kmin > 0, λ > 0, (41)

where Kmin and Kmax are the minimum and maximum observer gains, and λ a curvature
parameter governing how fast KSbn transitions from Kmin to Kmax as |Sbn| increases.

The corresponding speed estimation error becomes:

ω̃r = KSbn sign(Sbn)− ωr. (42)

This formulation preserves the robustness properties of sliding-mode observers while
removing the delay and bandwidth limitations typically introduced by LPF. In addition,
the gain scheduling mechanism provides aggressive correction for large estimation errors
and reduced switching effort as the trajectory approaches the sliding manifold.

The estimated rotor speed ω̂r obtained from the SMO + ERL is fed back into both the
speed control loop and the reference frame transformation, enabling fully sensorless IRFOC
operation. The modular nature of the observer allows it to be integrated with different
current control strategies without modifying the overall control structure. A schematic
representation of the proposed SMO + ERL implementation is presented in Figure 3.

+−

+−

+−

Figure 3. Block diagram of the SMO + ERL acting directly on the estimated electrical speed.

After the mathematical definition of the sliding variable Sbn and the adaptive ERL
gain KSbn , Algorithm 1 summarizes the real-time implementation sequence of the proposed
SMO + ERL-based sensorless control strategy. The algorithm is executed at each sampling
period and includes the observer-state update, adaptive reaching-gain computation, rotor-
speed estimation, synchronous reference-frame generation, current-control action, inverse
transformations, and CB-PWM generation.

https://doi.org/10.3390/s26144513
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Algorithm 1 Proposed SMO + ERL-based sensorless control algorithm.

1: Initialization: Set Ts, Kmin, Kmax, λ, i∗ds, and initialize îαs, îβs, ψ̂αr, ψ̂βr, ω̂r, and θa.
2: while the drive is enabled do
3: Acquire signals: Measure the stator phase currents and reconstruct the unmeasured

phase current in each three-phase set.
4: VSD transformation: Transform the measured currents and voltage references into

the (α–β) and (x–y) subspaces.
5: Observer update: Update îαs, îβs, ψ̂αr, and ψ̂βr using the discretized SMO equations.
6: Sliding variable: Compute the current estimation errors and evaluate Sbn.
7: ERL adaptive gain: Compute

KSbn = Kmin + (Kmax − Kmin)(1 − e−λ|Sbn |).

8: Speed estimation: Estimate the electrical rotor speed as ω̂r = KSbn sign(Sbn) and
compute ω̂m = ω̂r/P.

9: Speed control: Use ω̂m in the speed PI controller to generate i∗qs; set i∗ds = const,
i∗xs = 0, and i∗ys = 0.

10: Synchronous angle generation: Compute ω∗
slip, obtain ω̂a = ω̂r + ω∗

slip, and update
θa.

11: Park transformation: Transform the measured (α–β) currents into the synchronous
(d–q) frame using θa to obtain ids and iqs.

12: Current control: Execute the (d–q) and (x–y) current controllers to obtain v∗ds, v∗qs,
v∗xs, and v∗ys.

13: Inverse transformations: Apply the inverse Park and inverse VSD transformations
to obtain the six-phase voltage references.

14: PWM generation: Generate the switching signals for the six-phase VSI using CB-
PWM.

15: Wait until the next sampling instant.
16: end while

4.3. Stability of the Current Estimation Error (Lyapunov Analysis)

Define the same positive Lyapunov candidate used in classical SMO analyses:

I =
1
2

(
ĩ2αs + ĩ2βs

)
, I ≥ 0. (43)

Using the current estimation error dynamics (37) and (38):
.
I = ĩαs

.
ĩαs + ĩβs

.
ĩβs = −2a1 I − a3ω̃rSbn − a3ωr(Sbn − Sn) + a2Sc, (44)

where the following auxiliary cross terms are defined:

Sbn − Sn = ĩβsψ̃αr − ĩαsψ̃βr , (45)

Sn = ĩβsψαr − ĩαsψβr, (46)

Sc = ĩαsψ̃αr + ĩβsψ̃βr. (47)

Substituting (42) into (44), and using the property sgn(Sbn)Sbn = |Sbn|, yields

.
I = −2a1 I + a3|Sbn|

(
|ωr| − KSbn

)
+ a3|ωr||Sbn − Sn|+ a2|Sc|. (48)

A sufficient condition ensuring
.
I < 0 is obtained by enforcing a strict dominance of

the ERL gain over the remaining terms:

KSbn |Sbn| > |ωr||Sn| −
2a1

a3
I +

a2

a3
|Sc|+ ε, ε > 0, (49)

https://doi.org/10.3390/s26144513

https://doi.org/10.3390/s26144513


Sensors 2026, 26, 4513 11 of 27

which generalizes the classical constant-gain inequality by replacing Ks in [24] with the
state-dependent KSbn .

Because KSbn is bounded as Kmin ≤ KSbn ≤ Kmax, a conservative global design can be
stated as:

Kmax ≥ ωmax + ∆K, ∆K > 0, (50)

where ωmax is the maximum expected electrical speed and ∆K is a robustness margin
covering modeling uncertainties. In contrast to the LPF-based SMO, the ERL law yields a
smooth estimate directly, avoiding additional phase lag introduced by filtering.

4.4. Stability of the Rotor Flux Estimation Error Under Sliding

Once the system reaches the sliding regime, Sbn = 0 and
.
Sbn = 0. Under this condition,

the equivalent control associated with the discontinuous switching term coincides with the
actual rotor speed information [24].

Taking the derivative of Sbn in (39) and substituting (36) and (37), one obtains (after
algebraic manipulation) an expression of the form:

.
Sbn = a2

(
ψ̃βrψ̂αr − ψ̃αrψ̂βr

)
− a3ω̂r

(
ψ̂2

αr + ψ̂2
βr

)
+ a3ωr

(
ψαrψ̂rα + ψβrψ̂βr

)
, (51)

Under sliding, imposing
.
Sbn ≈ 0 yields an equivalent speed estimate:

ω̂r,eq ≈ ωr
ψαrψ̂αr + ψβrψ̂βr

ψ̂2
αr + ψ̂2

βr
+ a5

ψ̃βrψ̂αr − ψ̃αrψ̂βr

ψ̂2
αr + ψ̂2

βr
, (52)

which matches the classical structure and remains valid provided that ψ̂2
rα + ψ̂2

rβ is bounded
away from zero (nonzero magnetization).

Substituting (52) into (35) and (36) yields a linear time-varying system in:

.
ψ̃r = Aψ(t) ψ̃r, (53)

Aψ =


−a5ψ̂ 2

αr+ωrψ̂αrψ̂βr

ψ̂ 2
αr+ψ̂ 2

βr

−ωrψ̂ 2
αr−a5ψ̂αrψ̂βr

ψ̂ 2
αr+ψ̂ 2

βr
ωrψ̂ 2

βr−a5ψ̂αrψ̂βr

ψ̂ 2
αr+ψ̂ 2

βr

−a5ψ̂ 2
βr−ωrψ̂αrψ̂βr

ψ̂ 2
αr+ψ̂ 2

βr

 (54)

where ψ̃r = [ψ̃rα ψ̃rβ]
T and Aψ is a time-varying matrix dependent on rotor speed and flux

magnitude. The characteristic structure is the same as in classical SMO analyses, where one
eigenvalue is strictly negative (related to −a5), ensuring attenuation of the flux estimation
error, while the remaining dynamics remain bounded under normal operating conditions.

Flux-Error Lyapunov Function

To keep the same Lyapunov philosophy (separate current and flux analyses), define:

Vψ =
1
2

(
ψ̃2

αr + ψ̃2
βr

)
, Vψ ≥ 0. (55)

Using (35) and (36):

.
Vψ = ψ̃αr

.
ψ̃αr + ψ̃βr

.
ψ̃βr = −a5

(
ψ̃2

αr + ψ̃2
βr

)
+ ω̃r

(
ψ̃βrψ̂αr − ψ̃αrψ̂βr

)
. (56)
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Under sliding, the residual ω̃r becomes small (ideal case: ω̃r → 0), and the dominant
term in (56) is −a5∥ψ̃r∥2, which implies exponential decay of the flux error. Therefore:

.
Vψ ≤ −2a5Vψ + |ω̃r| ∥ψ̃r∥ ∥ψ̂r∥. (57)

Hence, in the ideal sliding regime,

ψ̃αr → 0, ψ̃βr → 0, ω̃r → 0. (58)

This proves asymptotic convergence of the rotor-flux estimation error and the accuracy
of speed reconstruction in the sense of equivalent control.

Finally, from the preceding Lyapunov-based analysis of the current and rotor flux
estimation errors, it can be concluded that the proposed SMO + ERL observer without LPF
guarantees global reaching of the sliding surface and asymptotic stability of the estimation
errors under suitable gain selection. The ERL-based adaptation law ensures that the sliding
variable Sbn is driven to zero in finite time, while the rotor flux estimation error dynamics
remain exponentially stable once the ideal sliding regime is established.

Unlike conventional SMO implementations that employ discontinuous switching fol-
lowed by LPF, the proposed ERL formulation directly applies the switching action through
a gain-scheduled discontinuous law. As a result, additional phase delay is eliminated, and
the natural damping of the estimation error dynamics is preserved. The parameters Kmin

and Kmax explicitly determine the local and global convergence properties, whereas the
curvature coefficient λ governs how rapidly the adaptive gain transitions from low-error
operation to aggressive correction under large estimation mismatches. Consequently, the
reaching speed and the robustness margin can be tuned systematically.

Furthermore, stability requires that the rotor flux magnitude remains persistently
nonzero, ensuring that the denominator in the equivalent speed expression does not vanish.
This condition is naturally satisfied in rotor-flux-oriented control under normal operating
conditions. In discrete-time implementation, backward Euler discretization preserves the
dissipative structure of the continuous-time Lyapunov function, ensuring that numerical
integration does not destabilize the observer provided that the sampling period Ts is
sufficiently small relative to the rotor electrical time constant.

Finally, when integrated within the outer FOC loop, the absence of a LPF improves
phase margin and dynamic tracking capability. Since the ERL-based speed estimate is
obtained without introducing filtering delay, the overall closed-loop system is expected to
exhibit a faster transient response while maintaining bounded estimation errors.

Therefore, under appropriate gain selection (Kmax sufficiently large for global reaching,
Kmin > 0 for local correction, and λ > 0 for adequate gain scheduling), the proposed
SMO + ERL observer guarantees:

ĩα,β(t) → 0, ψ̃rα,β(t) → 0, ω̃r(t) → 0, (59)

in the ideal case, and practical convergence to a small neighborhood of the origin in the
presence of bounded disturbances and implementation nonidealities.

5. Results
The results are organized into two subsections: simulation results and experimental

results. First, a set of tests is performed in a simulation environment to evaluate the per-
formance of the proposed sensorless control. Then, experimental results obtained from
a laboratory setup are presented. In both cases, the classical LPF-based SMO and the
proposed SMO + ERL were evaluated using the same SPIM parameters, IRFOC structure,
current controllers, sampling frequency, discretization method, magnetizing current refer-
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ence and operating conditions. Therefore, the comparison focuses on the speed-estimation
mechanism itself: a fixed-gain SMO with LPF versus an adaptive-gain SMO + ERL with-
out LPF. The observer parameters used in both the simulation and experimental tests are
summarized in Table 1.

Table 1. Parameters used in the comparative tests.

Parameter Classical SMO [24] Proposed SMO + ERL

Switching function sgn(Sbn) sgn(Sbn)
Observer gain Ks = 2000 Adaptive gain KSbn
Minimum gain – Kmin = 0.3 ωr,rated
Maximum gain – Kmax = 4 ωr,rated
ERL curvature parameter – λ = 1
LPF type First-order LPF Not used
LPF cutoff frequency fc,LPF = 0.8 [Hz] –
Sampling frequency fs = 10 [kHz] fs = 10 [kHz]
Discretization method Euler method Euler method
Magnetizing current reference i∗ds = 2.5 [A] i∗ds = 2.5 [A]
DC-link voltage Vdc = 325 [V] Vdc = 325 [V]

5.1. Simulation Results

This section provides a simulation-based validation using the MATLAB/Simulink
R2023b platform. The developed model captures the essential electrical and mechanical
dynamics of the proposed SPIM drive, and all simulations are performed using the common
implementation settings and observer parameters reported in Table 1, ensuring adequate
time resolution for both dynamic transients and steady-state operating conditions. The set
of electrical and mechanical parameters of the SPIM used in the simulations is reported
in Table 2, including the rated operating values, stator and rotor resistances, mutual and
leakage inductances, as well as the inertia and friction coefficients. These values are selected
to represent the same characteristics of the machine used in the experimental test bench
setup, ensuring consistency between simulated and measured results.

Table 2. Electrical and mechanical parameters of the SPIM.

Parameter Description Value

Pn,rated Rated power of the SPIM 15 [kW]
ωm,rated Rated rotor speed 970 [r/min]
Tem,rated Rated torque 140 [Nm]

Is,rms Rated current 15 [A]
Vs,rms Rated voltage 380 [V]
fe,rated Rated electrical frequency 50 [Hz]

P Pole pairs 3
B Friction coefficient 0.012 [kg·m2/s]
J Moment of inertia 0.27 [kg·m2]

Rs Stator resistance 0.62 [Ω]
Rr Rotor resistance 0.63 [Ω]
Lm Magnetizing inductance 0.0666 [H]
Llr Rotor leakage inductance 0.0035 [H]
Lls Stator leakage inductance 0.0064 [H]

Figure 4 presents the comparative performance of the classical SMO and the proposed
SMO + ERL under no-load conditions when the speed reference is increased from 150 r/min
to 300 r/min at t = 0.8 s. Figure 4a,b show the evolution of the stator currents in the
(α–β) and (x–y) subspaces from the transient interval to steady-state operation. In the
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(α–β) subspace, the current responses remain well behaved for both techniques, thereby
preserving the torque-producing dynamics after the speed step. Nevertheless, a noticeable
reduction in current ripple is achieved when the proposed SMO + ERL is applied.
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Figure 4. Comparative performance of the classical SMO and the proposed SMO + ERL under no-load
conditions when the speed reference is increased from 150 r/min to 300 r/min at t = 0.8 s. (a) Stator
current iαβs, (b) stator current ixys, (c) electromagnetic torque response, (d) mechanical speed.

A comparison of the (x–y) currents further indicates that the proposed SMO + ERL
produces a slight increase in these components at low speed. This behavior can be attributed
to the adaptive gain action introduced by the ERL, which reinforces the observer correction
in operating regions where the back-EMF is low and the speed estimation task becomes
more demanding. As a consequence, a minor increase in the non-torque-producing current
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components is observed; however, this effect is accompanied by a significant reduction in
the torque and speed estimation errors, as shown in Figure 4c,d. In both cases, the observers
track the speed variation and maintain stable operation during the transient. However,
the proposed SMO + ERL exhibits clearly superior steady-state accuracy with respect to
the classical SMO. In particular, the steady-state speed estimation error is approximately
22.3 r/min for the classical SMO, whereas it is reduced to approximately 5.29 r/min with
the SMO + ERL, confirming the benefit of the ERL for improving low-speed estimation
performance. Therefore, Figure 4 shows that the SMO + ERL achieves a more favorable
compromise between speed estimation accuracy and current quality than the conventional
fixed-gain SMO, especially in the low-speed region.

Furthermore, to assess the load-disturbance response of the proposed observer,
Figure 5 shows the simulated behavior of the SMO + ERL under a load torque step of
20 Nm applied at t = 0.8 s, while the speed reference is kept at 150 r/min. After the load
step, the electromagnetic torque rapidly increases, showing a short overshoot due to the
corrective action of the speed-control loop, whereas the actual and estimated mechanical
speeds exhibit a transient deviation before returning to the reference value. The stator
currents in the (α–β) subspace increase according to the torque demand, while the (x–y)
currents remain bounded around zero. These results confirm that the proposed SMO + ERL
maintains stable sensorless operation under load-disturbance conditions.

The simulation results discussed above provide initial validation of the proposed
SMO + ERL under controlled operating conditions, highlighting its fast convergence,
reduced chattering, and accurate speed-tracking capability. To further assess its practical
applicability, the following subsection presents the experimental evaluation conducted on
the laboratory test bench, in which the observer’s performance is examined under practical
operating conditions.
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Figure 5. Cont.
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Figure 5. Simulation results obtained for the proposed SMO + ERL at 150 r/min with a 20 Nm load
torque step applied at t = 0.8 s. (a) Stator current iαβs, (b) stator current ixys, (c) electromagnetic
torque response, (d) mechanical speed.

5.2. Experimental Results

The experimental results were obtained from the laboratory test bench shown in
Figure 6. The setup consists of an asymmetrical SPIM with isolated neutral points, and its
electrical and mechanical parameters are listed in Table 2.

The SPIM is supplied by a six-phase VSI assembled from two three-phase SEMIKRON
SKS 35F modules. In each three-phase set, two stator currents are acquired by Hall-effect
transducers (LEM LA-55), whereas the third current is reconstructed analytically from the
measured signals. The control algorithm and the observers were implemented in discrete
time using Euler discretization, following the common settings summarized in Table 1.
Experimental validation was performed on an MSK28335 development board incorporating
a TMS320LF28335 floating-point DSP.

Under this experimental arrangement, the rotor mechanical speed is measured using
an optical incremental encoder that produces a pulse sequence proportional to the shaft
position. In the present setup, a DFS60B-S1PB10000 encoder with a resolution of 10,000 ppr
is employed. The corresponding pulse train is processed through the dedicated quadrature-
encoder interface on the TMS320F28335 DSP, thereby enabling reliable speed reconstruction
for validation. It should be emphasized that this encoder-based measurement is used
exclusively as a reference signal to assess the accuracy of the proposed estimator during the
experimental evaluation; therefore, it is not fed back into the control loop, which preserves
the sensorless nature of the implemented control strategy.

Subsequently, the experimental data obtained from the tests are processed and the
corresponding figures are generated in the MATLAB environment to ensure consistent
analysis and clear visualization of the obtained results.
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Figure 6. Schematic of the experimental test bench.

5.2.1. Figures of Merit

The accuracy of the proposed SMO + ERL is quantified through the Root Mean Square
Error (RMSE), computed between the current references and the experimentally measured
stator currents in each observable subspace. This metric provides a compact indicator of
the tracking quality by emphasizing both the amplitude and persistence of the current error.
The RMSE is defined as follows:

RMSE(iϑs) =

√√√√1
ρ

k=k0+ρ

∑
k=k0

(
iϑs(k)− i∗ϑs(k)

)2 , (60)

In Equation (60), i∗ϑs denotes the stator current reference and iϑs represents the correspond-
ing measured current for ϑ ∈ {α, β, x, y}. The parameter ρ is the number of samples
included in the evaluation window, whereas k0 defines the initial sample of the steady-state
interval over which the error is evaluated. Accordingly, the RMSE enables a consistent
comparison of current-regulation performance across all considered subspaces. In addi-
tion to this current-based metric, the Mean Value Error (MVE) is introduced to assess the
steady-state accuracy of the speed estimation.

The MVE is used as a normalized percentage index and measures the average relative
deviation between the reference mechanical speed and its estimated value over the selected
observation interval. It is expressed as:

MVE(ω̂m) =
1
ρ

k=k0+ρ

∑
k=k0

∣∣∣∣ω∗
m(k)− ω̂m(k)

ω∗
m(k)

∣∣∣∣× 100%. (61)

5.2.2. Steady State and Transient Results

The experimental comparison between the classical SMO and the proposed SMO + ERL
under no-load conditions, when a speed step is applied from 150 r/min to 300 r/min at
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approximately t = 0.9 s, is presented in Figure 7. The corresponding transient responses of
the stator currents and mechanical speed are depicted for both observer configurations.

Figure 7a shows the stator currents in the (α–β) subspace. After the speed transition,
the currents obtained with the classical SMO present higher oscillations and waveform
distortion during the transient interval. In comparison, the SMO + ERL currents exhibit
smoother waveforms and a more regular transition toward steady-state operation. A
similar tendency can be observed in Figure 7b, which shows the (x–y) subspace currents.
In this case, the classical SMO produces currents with larger fluctuation amplitudes and
wider dispersion around zero during the transient, whereas the SMO + ERL currents
remain more concentrated around zero with reduced oscillatory behavior throughout the
operating interval. The corresponding mechanical speed responses are shown in Figure 7c.
Both approaches can track the speed reference after the step variation. However, the
classical SMO reaches the reference at approximately t = 1.1744 s, while the SMO + ERL
achieves convergence earlier, at approximately t = 1.0148 s, exhibiting a smoother transient
evolution and lower oscillatory behavior.

Classic SMO Proposed SMO + ERL
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Figure 7. Experimental results obtained for the SMO and the proposed SMO + ERL, under no-load
conditions when the speed reference is increased from 150 r/min to 300 r/min at t = 0.9 s. (a) Stator
current iαβs, (b) stator current ixys, (c) mechanical speed.

In the case of a speed reversal from 150 r/min to −150 r/min, Figure 8 presents
the experimental results. The stator current responses corresponding to both observer
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configurations are depicted in Figure 8a. During the reversal interval, particularly around
the zero-speed crossing, the classical SMO currents exhibit pronounced oscillations and
waveform distortion. Conversely, the SMO + ERL currents display smoother transitions and
reduced oscillatory behavior throughout the transient process. The associated mechanical
speed responses are illustrated in Figure 8b. The classical SMO produces a noisier speed
trajectory with noticeable oscillations during the inversion process and after the speed
crossing. Meanwhile, the SMO + ERL response exhibits a smoother transition and reduced
oscillations over the entire response interval, maintaining a more regular speed evolution.
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Figure 8. Experimental results for the SMO and the proposed SMO + ERL under no-load conditions
during a speed reversal from 150 r/min to −150 r/min. (a) Stator current iαβxys, (b) mechanical speed.

Additionally, to evaluate the low-speed operating capability of the proposed sensorless
strategy, Figure 9 shows the steady-state performance obtained at 20 r/min. The stator
currents corresponding to both observer configurations are presented in Figure 9a. Under
this operating condition, the classical SMO currents present higher noise and fluctuation
levels, while the SMO + ERL currents remain more compact and stable over time. The
corresponding mechanical speed responses are depicted in Figure 9b. In this case, the
classical SMO estimation contains considerable ripple around the reference value, whereas
the SMO + ERL estimation exhibits a smoother and more stable behavior with lower
variability in the estimated speed signal.

Finally, Figure 10 presents the experimental steady-state performance of the proposed
SMO + ERL under loaded operating conditions at 150 r/min with an external load torque
of approximately 40 Nm applied to the motor shaft. Figure 10a shows the stator currents in
the (α–β) and (x–y) subspaces, where stable current waveforms and reduced oscillatory be-
havior can be observed during steady-state operation. Additionally, Figure 10b depicts the
estimated mechanical speed together with the encoder-measured speed and the reference
speed. The results indicate that the proposed observer maintains accurate speed tracking
under load conditions, with the estimated speed closely following both the measured and
reference signals while preserving a smooth steady-state response.
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Classic SMO Proposed SMO + ERL
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Figure 9. Experimental results for the SMO and the proposed SMO + ERL under no-load conditions
during low-speed operation at 20 r/min. (a) Stator current iαβxys, (b) mechanical speed.
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Figure 10. Experimental results under sensorless operation at 150 r/min for the SMO and the
proposed SMO + ERL with a load torque of approximately 40 Nm. (a) Stator current iαβxys, (b) me-
chanical speed.

Although stable sensorless operation is achieved in the experimental tests, the mea-
sured current waveforms may still exhibit distortion due to practical implementation
aspects. These effects are mainly associated with switching ripple and inverter nonide-
alities of the two-level six-phase VSI, as well as with the low stator leakage inductance,
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current-sensor offsets, A/D quantization, residual sliding-mode chattering, and the analyti-
cal reconstruction of one phase current in each three-phase set.

6. Discussion
6.1. Qualitative Performance Under Transient, Low-Speed, and Loaded Operation

The experimental results demonstrate that the proposed SMO + ERL provides stable
sensorless operation over a wide operating range and improves the estimation behavior
with respect to the conventional LPF-based SMO, particularly under transient and low-
speed conditions. During the speed-step tests, the proposed observer exhibits smoother
current waveforms in both the (α–β) and (x–y) subspaces, with reduced oscillation am-
plitude and lower current dispersion around zero. This behavior can be attributed to
the combined effect of the ERL-based adaptive gain and the elimination of the LPF stage
used in the classical SMO to reconstruct the equivalent control signal. The absence of the
LPF avoids the filter-induced phase delay and bandwidth reduction typically introduced
by filtering, thereby improving the estimated-speed dynamics during abrupt operating
changes and indirectly contributing to smoother current regulation.

The mechanical speed responses further confirm the improved convergence capability
of the proposed approach. During large estimation errors, the ERL-based adaptive gain
provides a stronger corrective action, which accelerates the reaching phase and improves
the transient response. As the trajectory approaches the sliding surface, the adaptive
gain decreases its effective correction level, thereby reducing the switching intensity and
attenuating the oscillatory behavior in steady state. This mechanism explains the shorter
settling time and smoother speed trajectory obtained with the SMO + ERL during the
speed-step experiments.

The advantages of the proposed observer are also evident during the speed-reversal
tests, particularly around the zero-speed crossing. Under these operating conditions, the
back-EMF magnitude is significantly reduced, making the estimation process more sensitive
to noise, parameter mismatch, and modeling inaccuracies. In the classical SMO, the limited
bandwidth introduced by the LPF contributes to larger oscillations and waveform distortion
during the inversion transient. In contrast, the SMO + ERL maintains a smoother current
and speed response due to the direct adaptive correction introduced by the exponential
reaching law.

The low-speed experimental results at 20 r/min further confirm the improved estima-
tion capability of the proposed observer under demanding operating conditions. At very
low speed, the reduced back-EMF weakens the information available for sensorless estima-
tion and increases the sensitivity to measurement noise. Although some residual chattering
may still appear in practical digital implementations due to the use of the sign(·) function,
the ERL-based gain adaptation reduces the effective switching action near the sliding
surface, leading to smoother estimated speed signals and more stable current waveforms
than those obtained with the classical SMO.

Under loaded operation at 150 r/min, the proposed SMO + ERL also preserves stable
sensorless operation with a load torque of approximately 40 N · m. The loaded experimental
results confirm that the proposed observer remains suitable for real-time operation under
practical mechanical loading. Nevertheless, the loaded case also shows that the adaptive
correction introduced by the ERL may interact differently with the current-regulation
dynamics depending on the operating condition, which is further analyzed through the
quantitative indicators.
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6.2. Influence and Selection of the ERL Parameters

The selection of the ERL parameters Kmin, Kmax, and λ is directly related to the
compromise between convergence speed, chattering attenuation, and estimation-noise
sensitivity. These parameters define the adaptive gain KSbn of the proposed reaching law
and determine how the observer reacts when the trajectory is far from, or close to, the
sliding surface.

The maximum gain Kmax defines the correction capability during large transients. It
must be sufficiently high to satisfy the reaching requirement associated with the maximum
expected electrical rotor speed and to ensure convergence when large estimation errors
occur. Increasing Kmax accelerates the reaching phase and improves transient convergence;
however, excessively high values may amplify measurement noise, unmodeled dynamics,
and digital switching effects. Therefore, Kmax was selected with a conservative margin
relative to the rated electrical rotor speed.

The minimum gain Kmin establishes the local correction level near the sliding surface.
A very low value of Kmin weakens the corrective action around the sliding manifold and
may slow down local convergence. Conversely, an excessively high value increases the
effective switching activity in steady state, which may lead to larger speed ripple and
higher sensitivity to measurement noise. Thus, Kmin was selected to maintain sufficient
local correction while avoiding excessive steady-state oscillations.

The curvature parameter λ determines the rate at which the adaptive gain transitions
from Kmin to Kmax as the magnitude of the sliding variable |Sbn| increases. Larger values of
λ produce a faster transition toward Kmax, resulting in a more aggressive correction during
transients. However, this may increase the switching activity and the noise sensitivity of
the estimated speed. Smaller values of λ provide smoother estimation signals but slow
down the reaching dynamics. Hence, λ must be selected to balance transient convergence
and steady-state smoothness.

Based on the preceding tuning considerations, the final numerical values were selected
through a heuristic tuning process while respecting the stability conditions derived from
the Lyapunov analysis. The parameters used in this work were set to Kmin = 0.3 ωr,rated,
Kmax = 4 ωr,rated, and λ = 1. The selected Kmin provides adequate local correction near the
sliding surface, Kmax ensures sufficient convergence capability during speed steps, low-
speed operation, and speed reversal, while λ = 1 provides an intermediate transition rate
between smooth steady-state behavior and fast transient response. Therefore, the adopted
parameter set represents a practical compromise between fast convergence, chattering
attenuation, and steady-state estimation smoothness for the tested SPIM drive.

6.3. Quantitative Performance Assessment

The quantitative performance indices presented in Tables 3–5 support the qualitative
observations discussed above. Under no-load conditions at 150 r/min, the SMO + ERL
achieves lower RMSE values in all stator current components compared with the classical
SMO. The improvement is particularly evident in the (x–y) subspace, where the RMSE
of ixs decreases from 1.1045 A to 0.5790 A, and the RMSE of iys decreases from 1.9396 A
to 1.0105 A. In addition, the MVE of the rotor speed decreases from 2.5927% to 2.0127%,
confirming that the proposed ERL formulation improves the speed-estimation behavior
and reduces the oscillatory effects observed in the classical LPF-based SMO.

Under load conditions, the proposed observer maintains stable performance and
competitive estimation accuracy despite the mechanical load applied to the drive. In this
condition, the SMO + ERL reduces the RMSE of the α current component and provides a
slightly lower RMSE in the x component. However, the β and y current components, as
well as the speed MVE, present slightly higher values than those obtained with the classical
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SMO. This result indicates that the adaptive correction introduced by the ERL improves
the transient and low-speed behavior but may modify the interaction between the observer
dynamics and the current-control loops under loaded steady-state operation. Nevertheless,
the overall response remains stable and well-regulated, confirming the robustness of the
proposed observer under loaded conditions.

The comparison between operation at 150 r/min and 300 r/min illustrates the adapt-
ability of the proposed observer over different speed ranges. As speed increases, the RMSE
values for the current components increase moderately, particularly for the secondary
subspace currents, which is expected due to the higher electrical frequency and the more
demanding dynamic conditions. However, the MVE remains practically constant, varying
only from 2.0127% to 1.9935%, demonstrating that the proposed SMO + ERL preserves
accurate speed estimation across the tested speed range.

Overall, the experimental and quantitative results demonstrate that the incorpora-
tion of the exponential reaching law substantially improves the adaptive capability of
the observer while simultaneously reducing oscillatory behavior and preserving the ro-
bustness characteristics of sliding-mode estimation techniques. Therefore, the proposed
SMO + ERL constitutes an effective alternative to conventional LPF-based SMO structures
for sensorless control of multiphase induction motor drives, providing enhanced tran-
sient response, improved low-speed performance, and stable operation under variable
operating conditions.

Table 3. Performance comparison between the SMO and the proposed SMO + ERL at a reference
speed of 150 r/min under no-load conditions, considering the RMSE [A] of the stator αβxy currents
and the MVE [%] of the rotor speed.

Test Condition: No-Load Operation

Figure of Merit SMO Proposed SMO + ERL

RMSE(iαs) 3.7168 3.0312
RMSE(iβs) 3.4020 2.7013
RMSE(ixs) 1.1045 0.5790
RMSE(iys) 1.9396 1.0105
MVE(ωm) 2.5927 2.0127

Table 4. Performance comparison between the SMO and the proposed SMO + ERL at a reference
speed of 150 r/min under a load torque of approximately 40 Nm, considering the RMSE [A] of the
stator αβxy currents and the MVE [%] of the rotor speed.

Test Condition: Load Operation

Figure of Merit SMO Proposed SMO + ERL

RMSE(iαs) 3.7773 2.7838
RMSE(iβs) 3.1626 3.5205
RMSE(ixs) 1.3391 1.3014
RMSE(iys) 1.1720 1.4713
MVE(ωm) 0.5785 1.5785

Table 5. Performance metrics of the proposed SMO + ERL at reference speeds of 150 r/min and
300 r/min: RMSE [A] of the stator αβxy currents and MVE [%] of the rotor speed.

Figure of Merit SMO + ERL 150 r/min SMO + ERL 300 r/min

RMSE(iαs) 3.0312 3.5313
RMSE(iβs) 2.7013 2.7657
RMSE(ixs) 0.5790 1.1993
RMSE(iys) 1.0105 1.1374
MVE(ω̂m) 2.0127 1.9935
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7. Conclusions
This paper presents a speed-sensorless control strategy based on a sliding-mode ob-

server with exponential reaching law (SMO + ERL) for an asymmetrical six-phase induction
motor operating under an IRFOC scheme. The proposed observer was evaluated through
simulation studies and experimentally validated under transient and steady-state operating
conditions. The obtained results demonstrated improved dynamic performance during
speed-step variations and speed reversals, with smoother current waveforms and reduced
oscillatory behavior in both the (α–β) and (x–y) subspaces compared with the conven-
tional LPF-based SMO. In addition, the proposed approach achieved stable operation and
accurate speed estimation under low-speed and loaded operating conditions.

A Lyapunov-based stability analysis demonstrated that appropriate selection of the
proposed SMO + ERL parameters guarantees global reaching of the sliding manifold
and convergence. The ERL parameters Kmin, Kmax, and λ regulate the trade-off between
convergence speed and chattering attenuation. Specifically, Kmin defines the minimum
correction level near the sliding surface, Kmax determines the maximum correction capa-
bility during large transients, and λ governs the rate at which the adaptive gain increases
with the magnitude of the sliding variable. In this manner, the adaptive gain mechanism
reduces the effective switching intensity near the sliding surface while maintaining fast
convergence during large transients, thereby improving the smoothness of the estimated
currents and speed signals without introducing the phase delay associated with LPF-based
SMO implementations.

The quantitative performance indices confirmed the advantages of the proposed ERL
formulation, with reduced current RMSE and improved speed-estimation accuracy across a
wide operating range. Overall, the proposed SMO + ERL constitutes an effective alternative
for sensorless control of multiphase induction motor drives, combining fast convergence
dynamics, reduced filtering-induced delay, improved steady-state smoothness, and stable
operation under variable operating conditions. Therefore, the proposed observer provides
a computationally efficient solution for real-time sensorless IRFOC applications involving
asymmetrical six-phase induction machines.

Future work will focus on the optimization of the ERL gain parameters in order to fur-
ther improve the trade-off between convergence speed and chattering attenuation, as well
as on the integration of the proposed observer with more advanced current control schemes
for high-performance multiphase drive applications. In addition, higher-order sliding-
mode strategies, such as super-twisting-based approaches, will be investigated to improve
the steady-state quality of the estimation signals and mitigate residual chattering effects.
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