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This paper proposes a novel hybrid field-oriented control (FOC) strategy for 

high-performance induction motor (IM) drives, integrating a conventional 

Proportional–Integral (PI) controller in the speed loop and a Super-Twisting 

Second-Order Sliding Mode (SOSM) controller in the current loop. The main 

novelty lies in combining a sliding mode disturbance observer (OB) with a 

hybrid PI–SOSM structure, enabling real-time estimation and compensation 

of unknown load torque. The estimated torque is transformed into an 

equivalent disturbance current, which is directly added to the torque-

producing current reference, thereby achieving feedforward disturbance 

rejection. The novel hybrid structure achives the improved dynamic response 

and robustness through self-compensated torque disturbance using OB, 

reduced chattering in current regulation via SOSM, and maintaining PI 

simplicity in the outer speed loop. Extensive simulation results by 

MATLAB/Simulink sotfware demonstrates that the hybrid controller offers 

superior dynamic performance, enhanced robustness against parameter 

uncertainties and load disturbances, and significantly reduced chattering 

effects compared with conventional PI–PI FOC. 
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1. INTRODUCTION 

The three-phase induction motor (IM) has long been recognized as the workhorse of modern industry due 

to its simple construction, high reliability, low cost, and robust operational capabilities, even in demanding 

environments [1]-[3]. Over the decades, it has been the backbone of modern industries, electric vehicles, and 

renewable energy systems [4][5]. However, the IM is inherently a nonlinear, multi-input–multi-output (MIMO) 

system with parameters that vary under operating conditions, making high-performance control a significant 

scientific challenge [6]-[8]. 

To unlock the full potential of IMs, Field-Oriented Control (FOC) was developed and has become the 

gold standard for high-performance drives [9]-[12]. By transforming the dynamic model from the stationary 

αβ frame to the synchronous dq frame, FOC decouples the stator current components: the direct-axis current 

regulates rotor flux, while the quadrature-axis current (isq) controls electromagnetic torque. This decoupling 

makes the IM behave like a separately excited DC motor, enabling fast torque response and precise speed 

control [13]-[15]. Conventional FOC typically employs cascaded proportional–integral (PI) controllers for the 

speed and current loops [16][17]. Despite their simplicity and wide adoption, PI controllers show inherent 

limitations under modern performance demands. Firstly, PI controllers are linear and tuned for specific 

operating points. Their performance degrades under load variations, parameter uncertainties, and unmodeled 

disturbances . Secondly, indirect FOC depends heavily on accurate motor parameters, particularly the rotor 

time constant (𝑇𝑟 = 𝐿𝑟/𝑅𝑟). Rotor resistance Rr can vary by up to 100% due to thermal effects, causing slip-

frequency miscalculations and inaccurate field orientation. This detuning leads to reduced performance, higher 

losses, and potential instability. Thirdly, the outer PI speed loop exhibits limited bandwidth, producing sluggish 

responses to sudden load torque changes [18]-[25]. This results in undesirable speed dips and prolonged 

recovery times, which are unacceptable in applications requiring high dynamic stiffness, such as CNC 

machines and robotics [26][27]. 

To address these challenges, numerous advanced control strategies have been proposed. Nonlinear 

techniques such as sliding mode control (SMC), backstepping, fuzzy logic, neural networks and model 

predictive control have been applied to replace PI controllers [28]–[43]. Among them, SMC stands out for its 

robustness to matched uncertainties and disturbances [44][45]. However, conventional first-order SMC suffers 

from severe chattering, which induces torque ripples and excites mechanical resonances [46][47]. To mitigate 

this, second-order sliding mode (SOSM) methods, particularly the super-twisting algorithm, have emerged as 

effective solutions, eliminating chattering while retaining robustness [48]–[51]. In parallel, disturbance 

observers (OB) have been developed to estimate and compensate for external disturbances and load torque 

variations [52][53]. Acting as a feedforward channel, OBs significantly enhance disturbance rejection without 

affecting closed-loop stability [54][55]. However, a hybrid structure combining PI, SOSM, and a disturbance 

observer has not been systematically investigated. 

Motivated by this analysis, this paper proposes a robust hybrid control structure that combines: 

(i) a PI controller for the outer speed loop to ensure zero steady-state error and straight forward tuning; (ii) 

SOSM controllers based on the super-twisting algorithm for the isd and isq current loops, achieving fast and 

precise current regulation without chattering; and (iii) a nonlinear disturbance observer that estimates lumped 

disturbances, including load torque and uncertainties, and feeds forward a compensatory current to the isq 

reference command. The main contributions of this paper are as follows: 

1. A composite control structure that synergistically integrates PI, SOSM, and OB, leveraging the strengths 

of each method to form a high-performance system. 

2. A detailed SOSM-based current controller that improves transient response and robustness of the inner 

loop while eliminating chattering. 

3. An effective nonlinear disturbance observer incorporated as a feedforward compensation channel, 

enhancing dynamic stiffness and disturbance rejection. 

4. Comprehensive simulations and experimental verifications, with comparative analysis against 

conventional schemes, demonstrating the superior performance of the proposed approach. 
The remainder of this paper is organized as follows: Section II presents the mathematical model of the IM and 

the fundamentals of FOC. Section III describes the design of the proposed control structure. Section IV 

provides simulation and experimental results. Section V concludes the paper. 

 

2. MODEL OF IM DRIVES 

This drive system consists of a IM supplied by a three-phase voltage source inverter (VSI). In this section, 

the vector space decomposition (VSD) technique has also been applied as in [2], the original three-dimensional 
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space of IM is converted into two-dimensional spaces in the rotational reference frame (d-q). In that ѱ𝑟𝑞 = 0;  

ѱ𝑟𝑑 = ѱ𝑟. The model motor dynamics is described by the following space vector differential equations: 

 

{
 
 
 
 

 
 
 
 
𝑑𝜔𝑟
𝑑𝑡

=
3

2
𝑃
𝛿𝜎𝐿𝑠
𝐽

(𝜓𝑟𝑑𝑖𝑠𝑞) −
𝑇𝐿
𝐽
− 𝐵𝜔𝑟

′

𝑑𝜓𝑟𝑑
𝑑𝑡

=
𝐿𝑚
𝜏𝑟
𝑖𝑠𝑑 −

1

𝜏𝑟
𝜓𝑟𝑑

𝐿𝑠
𝑑𝑖𝑠𝑞

𝑑𝑡
= −𝑎𝑖𝑠𝑞 + 𝐿𝑠𝜔𝑒𝑖𝑠𝑑 + 𝑏𝑟𝜔𝑒𝜓𝑟𝑑 + 𝑐𝑢𝑠𝑞

𝐿𝑠
𝑑𝑖𝑠𝑑
𝑑𝑡

= −𝑎𝑖𝑠𝑑 + 𝐿𝑠𝜔𝑒𝑖𝑠𝑞 + 𝑏𝑅𝑟𝜓𝑟𝑑 + 𝑐𝑢𝑠𝑑

 (1) 

where: 𝜎 = 1 −
𝐿𝑚
2

𝐿𝑠𝐿𝑟
; 𝛿 =

𝐿𝑚

𝜎𝐿𝑠𝐿𝑟
; 𝑎 =

𝐿𝑚
2 𝑅𝑟+𝐿𝑟

2𝑅𝑠

𝜎𝐿𝑟
2 ; 𝑏 =

𝐿𝑚
2 𝑅𝑟

𝜎𝐿𝑟
2 ; 𝑐 =

1

𝜎
; 𝜏𝑟 =

𝐿𝑟

𝑅𝑟
; 𝐵′ =

𝐵

𝐽
 𝑢𝑠𝑑, 𝑢𝑠𝑞 , ;  𝑖𝑠𝑑 , 𝑖𝑠𝑞: The 

components of stator voltage and stator current, respectively, ѱ𝑟𝑑, ѱ𝑟: Rotor flux components; 𝑇𝑒 , 𝑇𝐿: 

Electromagnetic and load torque; d-q; D-Q: Synchronous and stationary axis reference frame quantities, 

respectively; 𝜔𝑟: the angular velocity (mechanical speed), 𝜔𝑟 = (
2

𝑃
)𝜔𝑟𝑒; 𝜔𝑟𝑒 , 𝜔𝑠𝑙 , 𝜔𝑒: the electrical speed 

respectively Rotor and slip angular and synchronous angular velocity; 𝐿𝑠, 𝐿𝑟: Stator and rotor inductances; 𝐿𝑚: 

Mutual inductance; 𝑅𝑠 , 𝑅𝑟: Stator and rotor resistances; 𝐽: the inertia of motor and load; 𝜎: Total linkage 

coefficient; 𝑃: Number of pole pairs; 𝐵:  Friction coefficient; 𝜏𝑟:  Rotor and stator time constant. The 

electromagnetic torque and the slip frequency can be expressed in dq reference frame: 

 𝑇𝑒 =
3𝑃

2

𝐿𝑚
𝐿𝑟
𝜓𝑟𝑑𝑖𝑠𝑞 (2) 

 𝜔𝑠𝑙 =
𝑀

𝐿𝑟
𝜓𝑟𝑑𝑖𝑠𝑞  (3) 

 

3. PI_STSOSM CONTROLLER AND OBSERVER DESIGN 

3.1. Speed PI Controller Design 

In the outer-loop of the Field-Oriented Control (FOC) structure, a Proportional–Integral (PI) controller is 

adopted to regulate the rotor speed of the induction motor (IM). The PI controller generates a torque-producing 

current reference 𝑖𝑠𝑞 ∗ based on the speed tracking error 𝑒𝜔 = 𝜔𝑟 ∗ −𝜔𝑟, where 𝜔𝑟 ∗, 𝜔𝑟 are the reference and 

actual rotor speeds, respectively. The PI speed controller is given by: 

 𝐶(𝑠) = 𝐾𝑝𝑠 +
𝐾𝑖𝑠
𝑠

 (4) 

The mechanical dynamics of the induction motor are modeled as: 

 𝐺(𝑠) =
𝐾𝑡

𝜏𝑚𝑠 + 1
 (5) 

where: 𝐾𝑡 is the torque constant, 𝜏𝑚 =
𝐽

𝐵
 is the mechanical time constant, 𝐽 is the rotor inertia, 𝐵 is the viscous 

friction coefficient. The closed-loop transfer function of the speed control loop is then derived as: 

 
𝜔𝑟
∗(𝑠)

𝜔𝑟(𝑠)
=

(𝐾𝑝𝑠 +
𝐾𝑖𝑠
𝑠
) ⋅ (

𝐾𝑡
𝜏𝑚𝑠 + 1

)

1 + (𝐾𝑝𝑠 +
𝐾𝑖𝑠
𝑠
) ⋅ (

𝐾𝑡
𝜏𝑚𝑠 + 1

)
 (6) 

To design the PI gains, the denominator of (9) is equated with the standard second-order system: 

 𝑠2 + 2𝜁𝜔𝑟𝑠 + 𝜔𝑟
2 (7) 

Comparing the coefficients yields: 

 2𝜁𝜔𝑟 =
𝐾𝑡𝐾𝑝𝑠

𝜏𝑚
+
1

𝜏𝑚
 (8) 
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 𝜔𝑟
2 =

𝐾𝑡𝐾𝑖𝑠
𝜏𝑚

 (9) 

By selecting the desired damping ratio ζ\zeta and natural frequency ωn\omega_n, the PI parameters can be 

computed as: 

 𝐾𝑝𝑠 =
2𝜁𝜔𝑟𝜏𝑚 − 1

𝐾𝑡
,    𝐾𝑖𝑠 =

𝜔𝑟
2𝜏𝑚
𝐾𝑡

 (10) 

Typically, 𝜁 = 0.707 is chosen to ensure a critically damped response, and 𝜔𝑟 is selected according to the 

required speed loop bandwidth. A block diagram of the speed control loop is shown in Figure 1. 

 

 
Figure 1.  A block diagram of the speed control loop 

 

3.2. Designing NSTA_SOSM controller for the inner current loop control 

The inner current loop control of FOC vector of IM drive using STA_SOSM controller. Stator current 

error is defined: 

 {
𝜀𝑖𝑠𝑑 = 𝑖𝑠𝑑

∗ − 𝑖𝑠𝑑
𝜀𝑖𝑠𝑞 = 𝑖𝑠𝑞

∗ − 𝑖𝑠𝑞
 (11) 

The nonlinear improve slip surface according to the current components is chosen as follows: 

 [
𝑠1
𝑠2
] = [

𝑑𝜀𝑖𝑠𝑑
𝑑𝑡

+ 𝜆1. |𝜀𝑖𝑠𝑑|
1/2𝑠𝑎𝑡(𝜀𝑖𝑠𝑑)

𝑑𝜀𝑖𝑠𝑞

𝑑𝑡
+ 𝜆2. |𝜀𝑖𝑠𝑞|

1/2
𝑠𝑎𝑡(𝜀𝑖𝑠𝑞)

] (12) 

Where 𝜆1 > 0, 𝜆2 > 0; We select the Lyapunov function: 

 𝑉 =
1

2
(𝜀𝑖𝑠𝑑

2 + 𝜀𝑖𝑠𝑞
2 ) (13) 

Differentiate both sides of equation (16) we get: 

 
𝑑𝑉

𝑑𝑡
= 𝜀𝑖𝑠𝑑

𝑑𝜀𝑖𝑠𝑑
𝑑𝑡

+ 𝜀𝑖𝑠𝑞
𝑑𝜀𝑖𝑠𝑞

𝑑𝑡
 (14) 

To differentiate 𝑉 < 0, The current error differential function is chosen as follows: 

 {

𝑑𝜀𝑖𝑠𝑑
𝑑𝑡

= −𝑘𝑠𝑑𝑣𝑖𝑠𝑑(𝑡)

𝑑𝜀𝑖𝑠𝑞

𝑑𝑡
= −𝑘𝑠𝑞𝑣𝑖𝑠𝑞(𝑡)

 (15) 

where: 𝑣𝑖𝑠𝑑(𝑡) and 𝑣𝑖𝑠𝑞(𝑡) are STASOSM control functions and defined: 

 [
𝑣𝑖𝑠𝑑(𝑡)
𝑣𝑖𝑠𝑞(𝑡)

] =

[
 
 
 
 𝑘1|𝑠1|

1/2𝑠𝑎𝑡(𝑠1) + 𝑘2∫ 𝑠𝑎𝑡(𝑠1)
𝑡

0

𝑘3|𝑠2|
1/2𝑠𝑎𝑡(𝑠2) + 𝑘4∫ 𝑠𝑎𝑡(𝑠2)

𝑡

0 ]
 
 
 
 

 (16) 

where: 𝑘1 = 1.5√𝐶1; 𝑘2 = 1.1𝐶1; 𝑘3 = 1.5√𝐶2; 𝑘4 = 1.1𝐶2; with 𝐶1 > 0; 𝐶2 > 0. From Eq. (1), Eq. (14) to 

Eq. (16) we get 𝑢𝑠𝑑 and 𝑢𝑠𝑑𝑞 virtual control functions: 
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 {
𝑢𝑠𝑑 =

𝐿𝑠
𝑐
[
𝑑𝑖𝑠𝑑

∗

𝑑𝑡
+ 𝑘𝑠𝑑𝑣𝑖𝑠𝑑(𝑡)] +

1

𝑐
[𝑎𝑖𝑠𝑑 − 𝐿𝑠𝜔𝑒𝑖𝑠𝑞 − 𝑏𝑅𝑟𝜓𝑟𝑑]

𝑢𝑠𝑞 =
𝐿𝑠
𝑐
[
𝑑𝑖𝑠𝑞

∗

𝑑𝑡
+ 𝑘𝑠𝑞𝑣𝑖𝑠𝑞(𝑡)] +

1

𝑐
[𝑎𝑖𝑠𝑞 − 𝐿𝑠𝜔𝑒𝑖𝑠𝑑 − 𝑏𝜔𝑒𝜓𝑟𝑑]

 (17) 

 

3.3. Design of the Adaptive HOSM Disturbance Observer (OB) 

The dynamics of the induction motor (IM) are commonly described in the synchronous rotating reference 

frame (d–q frame), under the field-oriented control (FOC) assumption, the electromagnetic torque 𝑇𝑒  and the 

rotor speed ω are expressed as in Eq. (2). On the other hand, we also have: 

  𝐽 ⋅
𝑑𝜔𝑟
𝑑𝑡

= 𝑇𝑒 − 𝑇𝐿 − 𝐵 ⋅ 𝜔𝑟 (18) 

where: 𝜔𝑟 is the mechanical rotor speed, 𝐽 is the total moment of inertia of the motor and load, 𝐵 is the viscous 

friction coefficient, 𝑇𝐿  is the external load torque. For control design, we can combine these equations. Let  

𝑘𝑡 = 3𝑝𝐿𝑚𝜓𝑟/2𝐿𝑟 be the nominal torque constant. Equation (18) becomes: 

 
𝑑𝜔𝑟
𝑑𝑡

=
𝑘𝑡
𝐽
𝑖𝑠𝑞 −

𝐵

𝐽
𝜔𝑟 −

1

𝐽
𝑇𝐿 (19) 

where: 𝑖𝑠𝑞  is the q-axis stator current, which acts as the torque-producing current, 𝑝 is the number of pole pairs, 

𝐿𝑚, 𝐿𝑟 are the mutual and rotor inductances, respectively, 𝜓𝑟  is the constant rotor flux linkage, 

 

3.3.1. Control Problem Formulation 

The control objective is to design a controller for the q-axis current 𝑖𝑠𝑞  such that the rotor speed 𝜔𝑟 

accurately tracks a desired reference speed 𝜔𝑟 ∗, despite the presence of uncertainties and external disturbances. 

Let us define the state variables for the speed control loop as 𝑥1  =  𝜔𝑟 ∗ − 𝜔𝑟 ∗ (𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔 𝑒𝑟𝑟𝑜𝑟) and 𝑥₂ =
 𝜔̇. The system dynamics can be expressed in a simplified state-space form suitable for controller design: 

  𝑥̇2 =
𝑘𝑡
𝐽
𝑢 + 𝑑(𝑡) (20) 

where: 𝑢 =  𝑖𝑠𝑞  is the control input, (𝑘𝑡/𝐽) are the nominal system parameters, 𝑑(𝑡) is the lumped disturbance, 

defined as: 

  𝑑(𝑡) = −
𝐵

𝐽
𝜔𝑟 −

1

𝐽
𝑇𝐿 + 𝛥(𝑡) (21) 

Here, 𝛥(𝑡) represents the effects of parameter variations (𝛥𝑘, 𝛥𝐽) and unmodeled nonlinearities (e.g., friction, 

cogging). The core challenges are: 

1. To design a control law 𝑢 that is robust to the disturbance 𝑑(𝑡). 
2. The disturbance 𝑑(𝑡) is unknown and not directly measurable. 

To address these challenges, we propose a composite control structure consisting of a main controller and a 

disturbance observer. 

 

3.3.2. Design of the Adaptive HOSM Disturbance Observer (OB) 

This section presents the design of a novel direct adaptive higher-order sliding mode disturbance observer 

(OB). The observer's goal is to provide a high-precision, real-time estimation 𝑑̂(𝑡) of the lumped disturbance 

𝑑(𝑡). The lumped disturbance 𝑑(𝑡) is a continuously differentiable function, and its first time derivative 𝑑̂(𝑡) 

is bounded by an unknown positive constant 𝐿, |𝑑̂(𝑡)|  ≤  𝐿. We design the observer to directly estimate 𝑑(𝑡). 
Let 𝑧 is an internal state variable of the observer. Its dynamics are defined as: 

  𝑧̇ =
𝑘𝑡
𝐽
𝑢 + 𝑑̂ (22) 

where 𝑑̂ is the estimated disturbance. A sliding variable s is defined using measurable and internal states: 

 𝑠 = 𝜔𝑟 − 𝑧 (23) 
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The derivative of the sliding variable s can be calculated by subtracting (22) from the time derivative of ω 

(which is 𝑥2 from Eq. (20)): 

 𝑠̇ = 𝜔
.

𝑟 − 𝑧̇ = (
𝑘𝑡
𝐽
𝑢 + 𝑑) − (

𝑘𝑡
𝐽
𝑢 + 𝑑̂) (24) 

 𝑠̇ = 𝑑 − 𝑑̂ (25) 

Let 𝑒𝑑 = 𝑑 − 𝑑̂ be the disturbance estimation error. Equation (25) shows that the derivative of our computable 

sliding variable s is exactly equal to the estimation error 𝑒𝑑. This elegant result forms the foundation of our 

direct observer. 

 

3.3.3. Adaptive super-twisting algorithm 

To drive the estimation error 𝑒𝑑 to zero, we must first drive the sliding variable s to zero in finite time. 

We employ the Super-Twisting Algorithm (STA) to achieve this. The derivative of 𝑠̇ is: 

 𝑠̈ = 𝑒̇𝑑 = 𝑑̇ − 𝑑̇̂ (26) 

We design the law for 𝑑̂ to be an adaptive STA that counteracts the unknown perturbation 𝑑̇(𝑡): 

 𝑑̇̂ = 𝑣1 + 𝑣2 (27) 

 𝑣1 = 𝜆1(𝑡) ⋅ |𝑠|
1/2 ⋅ 𝑠𝑖𝑔𝑛(𝑠) (28) 

 𝑣̇2 = 𝜆2(𝑡) ⋅ 𝑠𝑖𝑔𝑛(𝑠) (29) 

where 𝜆1(𝑡) and 𝜆2(𝑡) are the time-varying adaptive gains. From Eq. (19) and Eq. (21), the disturbance 

compensation current 𝑖𝑠𝑞
𝑑𝑖𝑠 can be computed as: 

 𝑖𝑠𝑞
𝑑𝑖𝑠 =

𝐽

𝑘𝑡
(𝜔̇ − 𝑑̂) (30) 

Accordingly, the total reference current is given by: 

 𝑖𝑠𝑞
𝑟𝑒𝑓

= 𝑖𝑠𝑞
∗ + 𝑖𝑠𝑞

𝑑𝑖𝑠 (31) 

 

3.3.4. Adaptive laws and stability analysis 

The key innovation is the design of the adaptive laws for 𝜆̇1(𝑡) and 𝜆̇2(𝑡) to eliminate the need for 

knowing the bound 𝐿. We propose the "Increase-When-Needed" adaptive laws: 

 𝜆̇1(𝑡) = {
𝑘1 ⋅ |𝑠|, if |𝑠| > 𝜀0

−𝑘2 ⋅ 𝜆1(𝑡), if |𝑠| ≤ 𝜀0
 (32) 

  𝜆̇2(𝑡) = {
𝑘3 ⋅ |𝑠|, if |𝑠| > 𝜀0

−𝑘4 ⋅ 𝜆2(𝑡), if |𝑠| ≤ 𝜀0
 (33) 

where: 𝑠 is the sliding variable defined in (23), 𝑘1, 𝑘2, 𝑘3, 𝑘4 are positive design constants that determine the 

adaptation rates, ε₀ is a small positive constant defining the width of the boundary layer around the sliding 

surface 𝑠 = 0. 

It should be emphasized that the adaptive gains 𝜆1(𝑡) and 𝜆2(𝑡) are not constant values, but are 

dynamically updated online according to Eq. (32) and Eq. (33). In practice, at each time instant, the values of 

𝜆1(𝑡) and 𝜆2(𝑡) are obtained by integrating their respective differential equations. When the sliding variable 𝑠 
is larger than the threshold 𝜀0, the gains increase proportionally to ∣ 𝑠 ∣, which enhances the disturbance 
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rejection capability. Conversely, when ∣ 𝑠 ∣ falls below 𝜀0, the gains decay exponentially, thus preventing 

unnecessarily large values and reducing chattering. This “increase-when-needed” mechanism eliminates the 

need for prior knowledge of the disturbance bound L, while ensuring finite-time convergence and robustness 

of the adaptive STA.  

The stability of the complete adaptive observer system, described by Eq. (23) to Eq. (30), can be 

rigorously established using Lyapunov theory. The analysis shows that all error signals and adaptive gains 

remain Uniformly Ultimately Bounded (UUB). Consequently, the disturbance estimation error 𝑒𝑑converges to 

a small, user-defined neighborhood of the origin within finite time. Furthermore, the estimated output 𝑑̂(𝑡), 
obtained through the integration in (27), provides a continuous and accurate approximation of the actual 

disturbance. 

 

4. RESULTS AND DISCUSS 

To validate the effectiveness and superiority of the proposed control strategy, comprehensive simulations 

are conducted in the MATLAB/Simulink environment can be seen in Figure 2. The parameters of the 1.5kW 

induction motor used in the simulation are: 400V, 50 Hz, 2 pole, 2950 rpm. Rs = 1.97, Rr = 1.96, Ls = 

0.0154 H, Lr = 0.0154 H, Lm = 0.3585H, Ji = 0.00242 kg.m2. 

 

 
Figure 2. The vector control of IM drive using PI SOSM OB control strategy 

 

4.1. Tracking Performance and Load Disturbance Rejection 

The controllers are assessed under a step load torque of 𝑇𝐿 = 7 Nm, which is applied at 𝑡 = 0.2s and 

removed at 𝑡 = 0.5s, while the rotor speed is regulated at a constant value of 310 rad/s throughout the 

experimental evaluation. Figure 3(a) to Figure 3(c) illustrate the corresponding speed tracking performance. 

Although both controllers successfully track the reference trajectory, their accuracy varies considerably, as 

evidenced by the tracking errors in Figure 3(b) and Figure 3 (c). The proposed PI–SOSM–OB control strategy 

demonstrates superior performance by maintaining the smallest tracking error, particularly during dynamic 

transients such as acceleration and speed reversal. Conversely, the conventional PI controller shows more 

pronounced deviations, thereby indicating reduced tracking accuracy. Figure 3(b) illustrates the disturbance 

rejection performance. The main advantage of the proposed method is clearly highlighted in this figure. As 

shown in Figure 3(b) to Figure 3(d), when a sudden load torque of 7 Nm is applied, both PI and PI–SOSM–

OB control strategies experience a speed drop of about 58 rpm (19.3%), but the PI controller exhibits slower 

recovery and larger steady-state error. Figure 3(d) further confirms that the proposed system achieves a rapid 

and highly accurate torque response. . In addition, Figure 3(e) and Figure 3(f) illustrate the control effort (𝑖𝑠𝑑𝑞) 

and the stator current (𝑖𝑠𝑎) for the two strategies, revealing that the PI–SOSM–OB approach provides a more 

decisive and faster current response, thereby enhancing disturbance rejection capability. 
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a) Speed response for two controller strategy  b) Zoom speed response 

  
c) Speed tracking error d) 𝑖𝑠𝑎 Stator current for two controllers 

  
e) Torque response f) 𝑖𝑠𝑑𝑞 current for two controllers 

Figure 3. Comparative tracking and disturbance rejection and observer performance 

 

4.2. Robustness Test against Parameter Uncertainty 

The simulation is conducted with a 100% increase in the rotor resistor (𝑅𝑟) of IM, while all controller 

parameters are kept unchanged. Figure 4 illustrates the system performance under significant parameter 

uncertainty. When the PI controller is tuned based on the nominal value of 𝑅𝑟, its performance degrades, 

showing noticeable overshoot and oscillations. In contrast, the proposed control strategy preserves excellent 

tracking accuracy and exhibits only minimal oscillatory behavior. This robustness arises because the variation 

in 𝑅𝑟 is modeled as part of the lumped disturbance 𝑑(𝑡), which is effectively estimated and compensated by 

the PI–SOSM–OB scheme. These results confirm the superior disturbance rejection and robustness of the 

proposed method. To further investigate the robustness of the proposed PI–SOSM–Observer control structure, 

a critical test is performed under significant variation of the total moment of inertia 𝐽, which represents both 

the motor and the mechanical load. In practical applications such as electric vehicles, industrial hoists, or 

robotic arms, load inertia can change dynamically due to gear shifts, variable payloads, or external couplings. 

Therefore, it is crucial for the control system to maintain stability and tracking performance under such 

conditions. 

Figure 5 illustrates the system response when the total moment of inertia is doubled, while all control 

gains and parameters remain unchanged. This variation severely affects the mechanical time constant 𝜏𝑚 =
𝐽/𝐵 and alters the system's dynamics, potentially degrading performance or even destabilizing the system if 

not properly handled. From Figure 5(a) and Figure 5(b), it can be clearly observed that the conventional PI 

controller exhibits increased overshoot, slower rise time, and extended settling time under the increased inertia. 

This degradation results from the fact that PI gains were tuned based on nominal 𝐽, and the closed-loop poles 

shift due to the change in mechanical dynamics. Specifically, the mechanical subsystem responds more 

sluggishly, leading to poor speed tracking and larger steady-state deviations during transient events. In contrast, 

the proposed PI–SOSM–Observer strategy maintains excellent dynamic performance despite the change in 𝐽. 
The system rapidly compensates for the slower mechanical dynamics through the adaptive feedforward 

disturbance compensation mechanism. The disturbance observer effectively treats the mismatch introduced by 

𝛥𝐽 as part of the disturbance 𝑑(𝑡), and provides a real-time correction current 𝑖𝑠𝑞  that counteracts the undesired 
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effect. The results demonstrate that the adaptive observer not only compensates for unknown load torque 

disturbances but also inherently addresses parametric uncertainties associated with system inertia. In addition, 

the SOSM current controller enhances overall robustness by guaranteeing accurate current tracking while 

eliminating chattering, even when the system response becomes sluggish due to increased inertia. As illustrated 

in Figure 5, the proposed hybrid control framework consistently maintains reliable performance under 

variations of the moment of inertia. This robustness is particularly valuable for practical applications operating 

under unpredictable load conditions, where preserving dynamic performance is crucial to ensuring both safety 

and efficiency. 

 

  

  

a) Speed and torque response at high speed b) Speed and torque response at high speed 

Figure 4. Speed response under 𝑅𝑟variation 

 

  

  
a) Speed and torque response at high speed b) Speed and torque response at high speed 

Figure 5. Speed response under 𝐽 variation 

 

5. CONCLUSION  

This paper has proposed a robust hybrid control strategy for induction motor drives, integrating a 

conventional PI controller for the speed loop, a Second-Order Sliding Mode (SOSM) current controller based 
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on the Super-Twisting Algorithm, and a nonlinear disturbance observer for real-time disturbance 

compensation. The observer estimates the lumped disturbance and feeds it forward into the torque-producing 

current reference, thereby enhancing disturbance rejection capability. The key findings of this study are 

developed a novel PI–SOSM–OB hybrid control structure enhances robustness and dynamic performance 

while while maintaining simplicity and ease of practical implementation. This control scheme ensures effective 

disturbance rejection and robustness against parameter variations and chattering in current control is effectively 

mitigated while maintaining closed-loop stability. Limitations: The present study is restricted to simulation-

based validation without experimental verification. Future Work: Future research will focus on experimental 

implementation, application to electric vehicle drives and multi-motor systems, and the development of fault-

tolerant and adaptive extensions. 
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