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Abstract:  This research paper proposes a novel design of an efficient combined sliding mode observer (SMO) for induction motor flux 
and speed estimation. The suggested sensorless technique employs the sliding mode’s second-order approach using a model 
reference adaptive system (MRAS). The second-order super-twisting control method is free-chattering, which lowers the chattering 
effect while preserving the same good features as the first-order sliding mode control (SMC). In addition, the conjunction with the 
MRAS as a separated speed estimator can raise the accuracy and make the observer immune to speed fluctuations, par ticularly 
for low-speed applications. Fur thermore, in order to achieve effective decoupled flux–torque control, the super-twisting algorithm 
(STA) was combined with a non-linear feedback linearisation controller for the inner control loop construction. This strategy can 
boost the control system’s stability and robustness against external disturbances and modelling uncer tainty. The performance 
analysis of the suggested methods has been carried out via simulation and experimental validation utilizing MATLAB/Simulink 
with the dSpace 1104 real-time interface.
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1. Introduction
In industrial areas, high-performance variable frequency drives are widely utilised. Commonly, scalar and 
vector controls are employed. In contrast to the scalar control, the vector control techniques such as field-
oriented control (FOC) or direct torque control (DTC) provide quick dynamics and promising properties (Vajsz 
et al., 2019). Typically, the execution of closed-loop motor control systems requires accurate measurement of 
feedback quantities such as rotor speed, flux, and electromagnetic torque, which is achieved through the use 
of specific sensors. Given that sensors can be expensive and fragile, it is recommended to replace or support 
them with sensorless techniques.

In AC electric drive applications, sensorless control occupies an essential part. It has the potential to considerably 
lower the overall cost and size of the control system while increasing its efficiency. Sensorless control may be 
categorised into two kinds. Model-based observers and estimators, and signal injection-based techniques (Huang 
et al., 2021). Signal injection methods make use of rotor slot harmonics, inductance saturation, and rotor slot 
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leakage. These methods provide exceptional speed estimate accuracy and stability at extremely low speeds (Tang 
et al., 2017). However, signal injection-based techniques are difficult to deploy and they are constrained for certain 
industrial applications (Li et al., 2023). On the other hand, there are the soft-sensors that adopt the mathematical 
model. Various estimators and observers have been proposed in this context such as full-order observers 
(Xin et al., 2017), model reference adaptive systems (MRASs; Guedida et al., 2024) and sliding mode observers 
(SMOs; Qian et al., 2024).

Sliding mode control (SMC) is well known in automation for its excellent dynamic capabilities, strong resilience 
and straightforward design. Additionally, the sliding mode approach has confirmed its effectiveness in applications of 
sensorless controls as well (Czyżniewski and Łangowski, 2024; Qian et al., 2024). Compared with other observers, 
SMOs exhibit superior resistance to uncertainties in modelling due to their inherent variable structure control, 
resulting in enhanced robustness (Wu et al., 2021). Various architectures of SMOs have been presented within 
the last decade for speed and flux determination. In Barambones et al. (2014), to calculate rotor speed, flux, and 
load torque, an adaptive SMO is provided. In Lascu et al. (2009), a simpler SMC scheme is provided. In a wide-
speed-range operation, this observer reduces the design complexity and increases accuracy by not taking the rotor 
speed into account as an adaptive quantity. Nevertheless, it makes use of a rotor flux derivative-based open loop 
speed estimator, which is especially prone to noise. In Mao et al. (2020), for IMs (induction motors) operating at 
high speeds, an improved SMC controller and observer are described; however, they have a significant chattering 
impact. Typically, mid-and high-speed ranges are where speed sensorless drives perform the best, but at very low 
speeds, particularly around zero frequency, they are not precise or durable. In Sami et al. (2020), to perform the 
speed-estimation process, a first-order SMO has been coupled to an MRAS estimator, where the MRAS reference 
voltage model will be replaced with the stator flux SMO. This relationship reduces the observer’s noise sensitivity 
and increases the estimating accuracy in low-speed revision.

Nevertheless, the switching control in first-order SMOs excites the problem chattering, which is the fundamental 
drawback of SMCs (Mao et al., 2020). Higher-order derivatives of a sliding surface are used in the higher order 
SMCs, which is an extension of the first-order method. This provides good robustness and a free chattering control 
law (Sami et al., 2020). The continuous super-twisting method is capable of solving this problem while maintaining 
the essential properties of the standard SMC (Czyżniewski and Łangowski, 2024). Furthermore, the super-twisting 
algorithm (STA) does not need to compute the second derivatives of the sliding surface. This makes it a simpler 
choice rather than the other high-order sliding mode techniques (Holakooie et al., 2019). In Mao et al. (2020), 
an induction motor’s speed is estimated using a fractional order super-twisting observer. However, the design of 
a fractional-order controller is not straightforward, as the observer gains tuning suffers from a conflict between 
chattering and transient performance. A sliding mode of the second order, the use of MRAS observer-based linear 
IM drivers is recommended also in Wang et al. (2018b).

Classical vector control approaches have limited performance due to the use of linear proportional-integral 
(PI) controllers that are sensitive when dealing with different uncertainties (Wang et al., 2018a,b). Therefore, 
several approaches in the automatic and electrical drive domains have been presented and these help achieve 
effective robust control, such as backstepping control feedback linearisation (Csizmadia and Kuczmann 2023). 
Model-based feedback linearisation is a method that can achieve decoupled control by transforming a non-
linear system into an equivalent linear system. However, this technique is quite delicate because of the model 
uncertainties. In order to provide decoupled and robust control against parameters perturbation, inner-loop 
controllers for torque and flux controllers are used. The conjunction of the feedback linearisation with other 
robust controllers can show promising performances. This research work merges the STA on the resultant 
linearised system so as to mend the shortcomings of the feedback linearisation as mentioned in Ammar et 
al. (2020a). However, this work has extended the analyses and the comparisons with classical observers’ 
structures.

The present paper proposes a second-order super-twisting observer connected with the MRAS. The super-
twisting-based observer decreases the noise sensitivity significantly and improves the speed-estimation accuracy 
at low speeds. Besides, for achieving effective flux- and torque-decoupled control in the inner loops, a super-
twisting feedback linearisation (STFL) controller has been designed. This combination is competent for confronting 
the numerous problems that arise during motor operation. By carrying out simulations and experimental validations 
using MATLAB/Simulink and the dSpace 1104 real-time interface, the suggested dual non-linear sensorless control’s 
performance has been evaluated.
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2. Induction Motor Modelling
Within the fixed reference frame, the induction motor’s dynamic equations are given in Eq. (1):
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where:

isα and isβ are, correspondingly, stator current elements,
ψsα and ψsβ are, consequently, stator flux elements,
Rs and Rr are, correspondingly, stator and rotor resistances,
Ls and Lr are, correspondingly, stator and rotor inductances,
Ts = Ls/Rs is the stator time constant,
ωr is the rotor’s speed,
TL is the torque generated by the load,
J is an instant of inertia, and 
fr is the coefficient of friction.
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is the stator time constant.
Msr is the inductance shared by the stator and rotor.
The equation used for electromagnetic torque is:

 
( )e s s s sT p i iα β β αψ ψ= −  (2)

p is the quantity of paired poles.

3. The super-twisting observer design with MRAS
3.2. Super-twisting algorithm
Compared to the previous high-order SMC algorithms, the STA has the advantage of not requiring the 
temporal derivatives of a variable that slides (Bendjeddou et al., 2021). By using only the data on the 
sliding surface, this method may provide a continuous control rule. This is how the super-twisting uST(t) 
control law is put together.

 1 2( ) ( )STu u t u t= +  (3)
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where:
uST is the super twisting control law, u1 and u2 are defined in the next expression:
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where S is the surface that slides, λ and β are positive gains and ρ lies in the fractional coefficient range of 0–0.5 
(Rashed et al., 2005)

The sufficient requirements for STA’s finite-time convergence, as stated by Levant (2003) are:
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where C is the Lipschitz’s constant.
These conditions are essential for the finite-time convergence of STA. They might not be sufficient, though. 

Thus, Moreno and Osorio (2012) describe a stringent Lyapunov function to achieve the stability of the super-twisting 
method.

The controller gains, denoted as λ and β, serve two essential purposes: controller functionality and anti-
disturbance capability. β is derived from the disturbance bounds, and it ensures system stability by constraining the 
impact of external disturbances. On the other hand, λ aligns the system with performance specifications, particularly 
achieving the desired reaching speed (Choi et al., 2022).

3.2.  Proposed super-twisting flux observer design
The SMOs have several benefits, including great robustness, simplicity in construction, and minimal processing 
requirements, which allow them to function very well.

A current observer may be created by using the STA with the IM model Eq. (1) as given below:
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The selected switching surfaces Si in this suggested second-order SMO are stator current estimation errors.
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Thus, one definition for the flux observer is:

 

2 is

2 is

ˆ (S )
ˆ (S )

s s s s

sb s s s

V R i u

V R i u
α α α α

β β β

ψ

ψ

 = − +


= − +





 (8)

where u1 and u2 are extra design factors that are described as:
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The architecture of the suggested observer is depicted in the schematic in Figure 1.

3.3. MRAS speed estimation
In our investigation, the MRAS technique is applied to estimate the speed of the suggested observer. According to 
Tarchala and Orlowska-Kowalska (2018), the MRAS structure consists of the adaptation mechanism, the reference 
model, and the adaptive model or two sections. The proposed super-twisting observer serves as a reference model 
in this investigation. The computed flux quantities and those produced by the adaptive model of the MRAS will next 
be compared.

The adaptable model is written as follows:
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where s is the Laplace operator.
The following may be used to calculate the error between the adaptive model and the estimated quantities using 

the ST-observer reference:
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To generate the predicted speed quantity, the error is used to power a suitable adaption mechanism (Schauder, 
1992). The following state error equations are generated by deducting the adjustable model from those given by 
the SMO:
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Figure 1. Current and flux observer based on super twisting.
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Eq. (12) can be expressed as:

 [ ] [ ][ ] [ ]A Wε ε= +  (13)

The system is assured of hyperstability if the non-linear block in the feedback path satisfies Popov’s condition 
and the transfer matrix in the forward path of is strictly real positive (Zorgani et al., 2016).

Popov’s criteria demand:

 
[ ] [ ] 2

0

t T W dtε γ≥∫  (14)

where t ≥ 0 and γ represents a positive factor.
The error function ε is represented by a vector inner product that is not reliant on the frame of reference used to 

describe the vectors. You may use the following linearised expression to represent it:
The calculated speed is provided as:

 
ˆr p iK K dtω ε ε= + ∫  (15)

where the estimating error, represented by ε, is:
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The whole MRAS-Super-twisting observer setup is shown in Figure 2.
Implementing the adaptive model is difficult due to the smooth integration of detected information being a 

requisite. This raises challenges in terms of the beginning conditions and drift. However, integrating low-pass 
filtering is advantageous since it helps in normalizing model outputs and in reducing high-frequency components 
often observed in motor voltages and currents (Schauder, 1992).

The Kp and Ki of the adaptation mechanism are given as defined in Tajima and Hori (1993)
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where ξ is the damping factor and ωc is the natural angular frequency
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Figure 2. The combination of the stator flux model–MRAS speed observer and the super-twisting observer. MRAS, model reference adaptive system; 
PI, proportional-integral.
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4. STFL Control
4.1.  STFL flux and torque control design
The proposed approach integrates the feedback linearisation control rule with two independent super-twisting 
controllers. The combination of dual non-linear control approaches can manage system parameter uncertainties 
and deviations. As a result, this combination  improves its performance and provides outstanding functioning in both 
the transitional and stable states.

The square of the stator flux magnitude and electromagnetic torque are the chosen control outputs (Ammar 
et al., 2020a; Orlowska-Kowalska et al., 2014). The purposes of control are identified as:
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where e1, e2: inaccuracies in torque and flux tracking.
The proposed super-twisting controllers produced the auxiliary inputs for the feedback linearisation 

controller and the input flux- and torque-sliding surfaces. The torque- and flux-sliding surfaces STe and Sψs are  
given as:
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The torque and flux controllers for super twisting may be expressed as follows:
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The stability analysis can be done using the proposed Lyapunov function presented in Moreno and Osorio 
(2012). In practical scenarios, the control system is influenced by various uncertainties, such as fluctuations in 
parameters, disturbances, and measurement inaccuracies. Thus, the dynamic control plant with disturbance can 
be written as :

 x ax bu D= + +
 (23)

where x is the state (i.e. flux and torque), u is the input and D is the disturbance.
The stability analysis can be proved by a suitable Lyapunov candidate function V as presented in Barth et al. 

(2015)
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Considering that the system disturbance is bounded as:
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The time derivative of the Lyapunov function V can be written as:

 
( )( )0.5 0.5

max( )V sign S S sign S D Sβ λ≤ − +  (26)

Therefore, λ must be chosen greater than Dmax (λ > Dmax) in order to insure that V is negative definite, which 
guarantees that the system is asymptotically stable (Guo et al., 2019).

In practical applications, positive gains ensure stable system operation, similar to how it is done for a PI 
controller. The convergence time of the system is closely tied to the λ gain. Therefore, adjusting λ effectively controls 
the system’s response time. However, large λ values can introduce ripples during the steady-state operation. On the 
other hand, the β gain affects the steady-state accuracy. The gain selection mechanism utilised has been described 
in detail in Lascu et al. (2019).

By using the feedback linearisation principle and the model shown in Eq. (1), the relationship between the input 
and the output may be driven as:
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The following is the expression for the determinant of the matrix C(x):
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where ψrα, ψrβ are elements of the rotor flux.
The system is linearisable as long as the matrix C(x) is not unique. The ultimate control rule of an STFL system 

when the super-twisting controller is entered as auxiliary inputs (i.e. reference voltages) is stated as:
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VST1 and VST2 are the recently developed super-twisted auxiliary inputs.
Figure 3 shows the proposed super-twisting-based auxiliary input to the feedback linearisation control.

4.2. Sensorless control stability
To create the inverter switching state under constant switching frequency, the space vector modulation unit will 
receive the final reference voltages (Vsα, Vsβ).
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In order to prevent singularities, the flux observer needs to be configured with beginning circumstances before 
using the sensorless control approach. In light of this, an offset is applied to the projected flow (Ghanes and Zheng, 
2009). The estimated quantities (i.e. flux, torque and speed) will be substituted in the feedback linearisation control 
law. The hat (^) indication denotes the estimated quantities:
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4.3. Speed control loop
The used PI controller in the outer speed loop for all control schemes is the anti-windup controller. The transfer 
function (TF) using Laplace transform of the speed loop is given as following:
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The TF of the PI controller is defined as follows:
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where Kp and Ki are the proportional and integral gains.

Figure 3. The combination of feedback linearisation and super-twisting auxiliary inputs. DTC, direct torque control; STFL, super twisting feedback 
linearisation.
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By considering the load torque TL as a disturbance. The global TF of the speed control in open loop becomes:
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Using the poles placement method, the controller’s gains can be given as:
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where ωn is the natural frequency and ξ is the damping coefficient
Figure 4 displays the global diagram of the MRAS-super-twisting observer-based sensorless control system 

using super-twisting-feedback linearisation.

5.  Simulation and Experimental Results
Using MATLAB/Simulink software and the dSpace 1104 real-time interface, simulation and experimental 
validation have been used to validate the proposed sensorless control based on super twisting. Table 1 

Table 1. Induction motor characteristics.

Parameters Symbol Value Unit

Machine’s power P 1.1 kW

Rated voltage Vs 220/380 V

Rated speed N 1,500 rpm

Stator resistance Rs 6.75 Ω

Rotor resistance Rr 6.21 Ω

Stator inductance Ls 0.5192 H

Rotor inductance Lr 0.5192 H

Mutual inductance Msr 0.4957 H

Number of pole pairs P 2 –

The moment of inertia J 0.01240 kg ⋅ m−2

Friction coefficient F 0.002 SI

Figure 4. Sensorless STFL-direct flux and torque control block diagram using MRAS-super-twisting observer. MRAS, model reference adaptive 
system; PI, proportional-integral; STFL, super-twisting feedback linearisation.
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Figure 5. Getting started: measured and estimated speed, estimation error (a: SMO; b: ST-MRAS).

contains data related to the investigation of the simulation and experimental implementation for a 1.1 kW 
induction motor.

5.1. Simulation results
The following simulation results examine the suggested second-order SMO for MRAS (MRAS-STO)’s 
performance analysis. The figures illustrate several tests performed to assess the robustness and the suggested 
observer’s estimate accuracy, like turning on, steady-state and low-speed operation. An observer proposal is 
contrasted with a first-order SMO structure using a speed estimator in an open loop (OLSE-SMO) that is 
presented in Ammar et al. (2020b), where (a) is for the first-order SMO and (b) is for the MRAS-associated 
super-twisting observer.

In response to a step input of 1,000 rpm without a load, the motor speed response and estimation errors are 
shown in Figure 5. Good superposition of the two speed variables for both observers is evident. The first-order 
SMO (Figure 5(a)) displays a significant estimation error during the transient state and a smaller error during the 
stable state. On the other hand, the MRAS-based super-twisting observer (ST-MRAS) provided more accurate 
estimations, which corresponds to a quicker error convergence. Furthermore, this observer may remove the error 
across both steady-state and transient scenarios.

Figures 6 and 7 show the stator flux’s progression. The plot depicts the flux magnitude and axis components 
for both observers. All observers display an accurate estimation and reduced disturbance since the control 
algorithm predetermines the stator flux amount (Figure 7). Furthermore, Figure 7 shows the stator flux elements 
throughout a test of speed reversal. The flux evolution exhibits a pure sinusoidal waveform as a result of the 
direct flux control that is being suggested. The location of flux shown below illustrates the speed direction 
reversing.
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Figure 6. Stable state: stator flux magnitude (a: SMO; b: ST-MRAS).
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Figure 7. Stable state and sense reversal: Stator flux components, flux position (a: SMO; b: ST-MRAS).
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Figure 8. Operation at low speed: 200–400 rpm measured and estimated speed, estimation error (a: SMO; b: ST-MRAS).
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Figure 9. Reduced speed operation: 50–25 rpm measured and estimated speed, estimation error (a: SMO; b: ST-MRAS).
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Next, low-speed operating experiments have been performed, with a speed reference varying between 200–
400 rpm and 50–25 rpm, as depicted separately in Figures 8 and 9. Both observers show a slight overshoot at the 
start (Figure 8) but it has been recovered shortly. This overshoot depends on the speed controller used for the speed 
loop. As can be shown, the corresponding MRAS super-twisting observer in Figures 8 and 9(b) has more accurate 
superposition between speed quantities and better estimate. The estimation errors shown at the bottom validate 
these observations in Figures 8 and 9(a, b). The adaptive observer has higher error during slow convergence and 
higher error during transient states. Moreover, in the very low speed zone in Figure 9 (50–25 rpm), the super-
twisting observer maintains the estimation accuracy and shows no speed variations; in addition, control stability is 
preserved.

Figures 10 and 11 show the speed reversing and zero speed tests. In both the tests, the observers show stable 
speed estimation at zero speed/frequency (0 rmp; 0 Hz). However, the associated super-twisting observer was 
more accurate; it can be seen that the speed value is correct even when the machine stops rotation.
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Figure 10. Speed reversal test: 1,000; −1,000 rpm measured and estimated speed (a: SMO; b: ST-MRAS).
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Figure 11. Zero speed: 1,000–0 rpm measured and estimated speed (a: SMO; b: ST-MRAS).
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Figure 12. Zero speed: 1,000–0 rpm measured and estimated speed (a: SMO; b: ST-MRAS).
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Lastly, a variable speed test is shown in Figure 12. This test, which shows the rotor speed estimate and estimation 
errors from zero to medium speed (500 rpm) and finally to high speed (1,200 rpm), can include all of the tests that 
came before it. As seen in Figure 12(a), the adaptive observer exhibits substantial inaccuracy during the steady 
state. However, it is apparent that the suggested super-twisting observer has a connection to MRAS. It allows for 
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Figure 13. Load application test: rotor speed, torque, stator current (a: SMO; b: ST-MRAS).

 
Figure 14. Test bench description.



Super-twisting MRAS observers

388

Figure 15. Descriptive diagram. DTC, direct torque control.

reduced estimate error in dynamic state operations, extremely fast convergence in stable state and good estimation 
and perfect speed superposition during the instantaneous speed changes. Figure 13 displays the load application 
test, with the rotor speed, torque and stator current represented from top to bottom. In Figure 13(b), the speed loop 
with the MRAS-based super-twisting observer demonstrates higher load disturbance rejection compared with the 
case of the classical SMO. We may also observe the fast torque response and the current increase while the load 
is being applied.

 
Figure 16. Starting up: estimated and measured speed, estimation inaccuracy.
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5.2.  Experimental setup
The experimental validation of the suggested super-twisting second-order SMO using MRAS is covered in this 
section. MATLAB/Simulink software with a dSpace 1104 real-time interface has been used to achieve STFL with a 
super-twisting observer.

The experimental test bench depicted in Figure 14 consists of 1: A squirrel-cage induction machine rated at 
1.1 kW., 2: voltage converter with two levels of power electronics, 3: a sequential encoder, 4: real-time interface 
dSpace 1104, 5: MATLAB/Simulink/ControlDesk programme on staff computer, 6: magnetic powder braking 

 
Figure 17. Stable state: stator flux magnitude.

 
Figure 18. Reversal of speed sense: stator flux components and flux position.
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Figure 19. Operation at low speeds: measured and estimated speed (200–400 rpm), estimation error.

 
Figure 20. Operation at low speeds: measured and estimated speed (50–25 rpm), estimation error.

system, 7: Current Hall effect sensors, and 8: voltage detectors, and 9: the oscilloscope analogue. The rest of the 
details concerning the experimental setup have been mentioned in the appendix section. 

Figure 15 depicts the software and hardware interconnection.

5.3.  Experimental results
The following figures provide several speed tests conducted to assess the observer’s ability over a wide speed 
range. The same circumstances are considered as in the previous simulation section.

The experimental findings of the starting up test are shown in Figure 16. Two-speed numbers with estimation 
error (measured speed with an encoder and estimated speed using STO) are displayed. Both speed numbers are 
in good superposition, as shown in the simulation section, and the estimation error converges to zero. The amount, 
components and position of the stator flux are then shown in Figures 17 and 18. With a decent waveform, the flux 
follows its reference. This shows the accuracy of the estimation.

Figures 19 and 20 show the low-speed functioning. The estimated and observed speed values are fully 
superposed, although the estimation error converges to zero in the low-speed and extremely load-speed 



Ammar et al.

391

regions. The estimating accuracy has not changed, the speed has not changed and the control stability has 
not changed.

Figures 21 and 22 show the speed reversing test and zero speed operation. In both tests, the proposed 
observer shows its height resilience and accuracy under difficult conditions. This can be proved from the 
estimation error that stayed around zero during all operation points. An industrial benchmark speed profile 
is employed in the final test shown in Figure 23. It comprises all of the speed tests from a large area. It can 
be seen that the proposed MRAS-STO observer has a highly accurate estimation for both steady-state and 
sudden speed changes.

 
Figure 21. Speed reversal test: 1,000; −1,000 rpm measured and estimated speed.

 
Figure 22. Zero speed: 1,000–0 rpm measured and estimated speed.
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The experimental test confirmed our simulation’s findings, demonstrating that the MRAS super-twisting observer 
exhibits a higher load disturbance rejection and a more effective response in achieving the reference speed after 
load application, as illustrated in Figure 24.

6. Conclusion
The present paper presents a revolutionary performance boost for induction motor flux and torque 
management using dual non-linear control approaches. The combined control strategy has been used 
to address the various shortcomings of the traditional control systems. The decoupled control has been 
implemented, and the reference voltages are generated using a feedback linearisation technique. The 
super-twisting approach was then employed as a supporting auxiliary control to achieve the so-called 
robust feedback linearisation control.

  
Figure 23. Operation at variable speeds: measured and estimated speed, estimation error.

 
Figure 24. Load experimental test with zoom of: rotor speed, torque, stator current (with ZOOM).
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Furthermore, the proposed super-twisting observer coupled with the MRAS has been tested and demonstrates 
outstanding estimation accuracy in various speed zones that represent the total system dependability and cost. 
The suggested technique was tested under various operating conditions utilising simulation and experimental 
implementation in dSpace 1104. In general, using continuous super twisting for control and estimation results in 
less chattering, faster dynamics, higher resilience and better estimate over a wide speed range. Furthermore, the 
control design has been maintained as simple as feasible; this feature makes it executable in more cost-effective 
microcontrollers rather than dSpace 1104, such as C2000 Texas instrument microcontroller and STM32.
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Appendix

The sampling frequency: 10 kHz.
Inverter’s switching frequency: 5 kHz.
DC link voltage: Vdc = 537 V.
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