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 This paper proposes an enhanced hybrid speed control strategy, termed 

improved adaptive backstepping–second-order sliding mode (IABSSOSM), 

for six-phase induction motor (SPIM) drives in electric vehicle (EV) 

propulsion systems. The proposed method combines the systematic design 

framework of Backstepping in the outer speed and flux loops with a  

second-order sliding mode controller in the inner current loop. An 

innovation of the approach is the integration of a variable-gain super-

twisting algorithm (VGSTA), which dynamically adjusts the control effort 

based on disturbance levels, thereby minimizing chattering and enhancing 

robustness against system uncertainties. To further improve disturbance 

rejection, a predictive torque estimator is incorporated using a forward Euler 

discretization, enabling accurate torque prediction and proactive 

compensation. This hybrid structure significantly improves convergence 

speed, enhances reference speed tracking accuracy, and ensures fast and 

precise torque response, and its strong resilience to external load 

disturbances, system parameter variations enable stable and reliable 

operation under challenging conditions. The effectiveness of the proposed 

approach is validated through comprehensive simulations using the 

MATLAB/Simulink. 
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1. INTRODUCTION 

In recent years, in response to the greenhouse effect and the depletion of fossil fuel resources, 

numerous studies have focused on developing high-efficiency drive systems for electric vehicles (EVs) as a 

sustainable solution for energy and environmental challenges. The electric drive system is one of the key 

components of an EV [1]–[3]. EVs using electric motors are not only environmentally friendly but also 

capable of delivering fast, accurate, and safe torque responses. It plays a crucial role in EV performance, 

particularly in ensuring torque accuracy, efficiency, and reliability [1]–[5]. The EV drive system typically 

consists of three main components: an electric motor, a power converter, and a controller. Among these, the 

motor must meet driver-defined torque and speed requirements. Notably, among various motor technologies, 

the six-phase induction motor (SPIM) has gained increasing attention for EV applications due to its superior 

characteristics such as fault tolerance, higher torque density, reduced current per phase, lower torque ripple, 

and improved reliability [6], [7]. These features make SPIMs well-suited for safety-critical and performance-
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sensitive EV platforms. However, the complexity of SPIM dynamics necessitates the development of 

advanced control strategies beyond traditional linear methods. 

Several advanced control strategies have been investigated to exploit the features of this motor, 

including field-oriented control (FOC), direct torque control (DTC), and model predictive control (MPC) 

[8]–[11]. Among these, both DTC and MPC require optimal voltage vector selection and become 

increasingly complex with a higher number of stator phases of SPIM. Opposite, FOC remains dominant due 

to its balance between performance and implementation simplicity. However, traditional FOC using linear 

PID controllers often lacks robustness under parameter variation and external disturbances [12]–[14]. 

Nevertheless, traditional FOC strategies that rely on proportional-integral-derivative (PID) 

controllers often fall short of the high-performance demands in EV systems. To overcome this limitation, 

several nonlinear control methods have been researched as alternatives to PID, such as sliding mode control, 

backstepping, fuzzy logic, neural networks, passive control, predictive control, and Hamiltonian control 

[15]–[23]. However, these techniques typically require accurate mathematical models and involve complex 

computation. When applied independently, they may not achieve optimal results, especially in nonlinear 

systems. Such as, backstepping (BS) and sliding mode control (SMC), each offering advantages in stability 

analysis and robustness, respectively. Yet, each approach has known drawbacks: BS is sensitive to 

uncertainties, while SMC introduces chattering effects. As a result, integrating multiple control techniques to 

leverage their respective strengths has become a promising research direction for improving the performance 

of AC motor drives [24]–[29]. In [29], a hybrid backstepping-sliding mode (BS-SM) control structure was 

proposed, demonstrating a promising approach for motor drives. It is easy to see that, while backstepping 

provides a systematic framework for stability analysis, its performance degrades significantly in the presence 

of parameter uncertainties, such as variations in rotor resistance and vehicle inertia, and although 

conventional sliding mode control offers excellent robustness against such uncertainties, it inherently suffers 

from the high-frequency chattering phenomenon, which can excite unmodeled dynamics and damage the 

actuator. The challenge of chattering and the lack of adaptivity under time-varying load conditions remain 

due to existing implementations often use fixed gains or neglect real-time disturbance estimation, leading to 

limitations in adaptability, excessive control effort, or degraded performance in practical EV scenarios. 

To address these challenges, this paper proposes a novel control strategy, termed improved adaptive 

backstepping–second-order sliding mode (IABSSOSM), which incorporates a variable gain super-twisting 

algorithm (VGSTA) in both speed and current loops. This VGSTA proposed structure dynamically adjusts 

the control gains based on disturbance estimates, thereby maintaining finite-time convergence and robustness 

while effectively reducing chattering without requiring prior knowledge of disturbance bounds. Moreover, a 

predictive torque estimator based on the forward Euler discretization of the SPIM model to proactively 

handle external load variations also is proposed. This estimator enhances system response by anticipating 

torque demands and disturbance effects, improving transient performance and overall system robustness. 

The performance and robustness of the proposed control scheme for a SPIM drive in EV 

applications, particularly in terms of stability, response speed, and disturbance rejection, are validated via 

extensive simulations under standardized EV driving cycles (ECE-40, ECE-15), step speed commands, and 

load disturbances. Results confirm its superiority over conventional techniques in terms of tracking accuracy, 

robustness, and dynamic response. The paper is organized as follows: section 2 presents the SPIM drive 

system model. Section 3 introduces the proposed STABS_PCH controller and resistance/flux estimators. 

Section 4 discusses the simulation results. Finally, conclusions are drawn in section 5. 
 

 

2. MODELING OF SPIM DRIVE AND EV PROPULSION SYSTEM 

2.1.   SPIM drive system modeling 

The drive system considered in this study includes a SPIM powered by a six-phase voltage source 

inverter (SPVSI). The overall structure of the SPIM drive system is illustrated in Figure 1. The vector space 

decomposition (VSD) technique is used to transform the six-dimensional space into three two-dimensional 

subspaces in the stationary reference frame. The transformation is performed using a 6×6 transformation 

matrix as developed in previous literature [1]. 
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The mathematical equations of the SPIM in the stationary reference frame are written as (2): 

 
[𝑉𝑠] = [𝑅𝑠][𝐼𝑠] + 𝑝([𝐿𝑠𝑠][𝐼𝑠] + [𝐿𝑠𝑟][𝐼𝑟]) 
[0] = [𝑅𝑟][𝐼𝑟] + 𝑝([𝐿𝑟𝑟][𝐼𝑟] + [𝐿𝑟𝑠][𝐼𝑠]) (2) 

 

where [𝑉], [𝐼], [𝑅], [𝐿], and [𝐿𝑚] represent the voltage, current, resistance, self-inductance, and mutual 

inductance vectors, respectively. P is the differential operator. Subscripts r and s denote rotor and stator 

components, respectively. Since the rotor is squirrel-cage type, [𝑉𝑟] equals zero. The electromechanical 

energy conversion only occurs in the D–Q subspace: 

 

[

𝑉𝑠𝐷
𝑉𝑠𝑄
0
0

] = [

𝑅𝑠 + 𝑃𝐿𝑠 0 𝑃𝐿𝑚 0
0 𝑅𝑠 + 𝑃𝐿𝑠 0 𝑃𝐿𝑚
𝑃𝐿𝑚 𝜔𝑟𝐿𝑚 𝑅𝑟 + 𝑃𝐿𝑟 𝜔𝑟𝐿𝑟
−𝜔𝑟𝐿𝑚 𝑃𝐿𝑚 −𝜔𝑟𝐿𝑚 𝑅𝑟 + 𝑃𝐿𝑟

]

[
 
 
 
𝐼𝑠𝐷
𝐼𝑠𝑄
𝐼𝑟𝐷
𝐼𝑟𝑄]
 
 
 
 (3) 

 

among the three subspaces, only the D–Q subspace contributes to torque production [1]. The remaining x–y 

and z1–z2 subspaces cause power loss and do not participate in energy conversion, hence they are excluded 

from the control design. Therefore, the SPIM control system can be reduced to a form similar to the D–Q 

model of a conventional induction motor. However, designing controllers in the stationary reference frame is 

challenging. To overcome this, the SPIM model is transformed into a synchronous rotating reference frame 

(dq-frame), which converts current signals into DC components, thereby simplifying control and enhancing 

speed and torque tracking accuracy. 

The transformation from the DQ to dq frame is performed using the transformation matrix T2 

defined as (4): 

 

𝑇2 = [
cos(𝛿𝑟) − 𝑠𝑖𝑛(𝛿𝑟)

𝑠𝑖𝑛(𝛿𝑟) cos(𝛿𝑟)
] (4) 

 

where 𝛿𝑟 is the rotor angular position with respect to the stator, as shown in Figure 1. 

 

 

 
 

Figure 1. Overall structure of the SPIM drive system 

 

 

2.2.  Vehicle propulsion modeling 

Under FOC control, ѱrq=0, ѱrd=ѱrd. The updated dynamic model of the motor is described using the 

following space vector differential equations: 
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𝑇𝑒 = 
3

2
𝑛𝑝

𝐿𝑚

𝐿𝑟
𝜓𝑟𝑑𝑖𝑠𝑞 (6) 

 

𝜔𝑠𝑙 =
𝐿𝑚

𝐿𝑟
𝜓𝑟𝑑𝑖𝑠𝑞  (7) 

 

Alternatively, torque can also be expressed through the dynamic equation: 

 

𝑇𝑒 = 𝑇𝐿 +  𝐵𝜔𝑟 +  𝐽
𝑑𝜔𝑟

𝑑𝑡
 (8) 

 

To propel the EV, the SPIM must generate torque for the wheels as performing in Figure 2. This illustrates 

the proposed transmission diagram in electric vehicle. Key factors influencing the EV’s dynamic model 

include road conditions, inclines, acceleration ability, aerodynamic resistance, etc. The proposed control 

strategy takes these dynamics into account. The model is based on vehicle mechanics and aerodynamics 

principles [18]. The total tractive force is given by: 

 

𝐹𝑡𝑒   = 𝐹𝑟𝑟 + 𝐹ℎ𝑐 + 𝐹𝑎𝑑  + 𝐹𝑙𝑎  +  𝐹𝑤𝑎  

≈ 𝜇𝑟𝑟𝑚𝑔 +  𝑚𝑔 𝑠𝑖𝑛 𝑓 +
1

2
𝜌𝐴𝐶𝑑𝑣

2 +𝑚
𝑑𝑣

𝑑𝑡
+ 𝐹𝐿 (9) 

 

where 𝐹𝑡𝑒: tractive force; 𝐹𝑟𝑟: rolling resistance; 𝐹ℎ𝑐: hill climbing force; 𝐹𝑙𝑎: linear acceleration force; 𝐹𝑤𝑎: 

angular acceleration force; m: EV mass; g: gravitational acceleration; v: vehicle speed; µ𝑟𝑟: rolling resistance 

coefficient; ρ: air density; A: frontal area; Cd: drag coefficient; f: slope angle; FL: external disturbance; r: 

wheel radius; G: gear ratio; T: required torque; vr: motor speed. In Figure 3, under FOC, the electromagnetic 

torque 𝑇𝑒 is expressed simply as (10): 

 

𝑇𝑚 =
𝑟𝐹𝑡𝑒

𝐺
 (10) 

 

 

 
 

Figure 2. Proposed transmission diagram in electric vehicle 
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Figure 3. Mechanical forces acting on EV [18] 

 

 
The power required to drive the EV at speed v must compensate for the resistive forces: 

 

𝑃 = 𝑣𝐹𝑡𝑒 = 𝑣 (𝜇𝑟𝑟𝑚𝑔 +𝑚𝑔 𝑠𝑖𝑛 𝑓 +
1

2
𝜌𝐴𝐶𝑑𝑣

2 +𝑚
𝑑𝑣

𝑑𝑡
+ 𝐹𝐿) (11) 

 

Under the FOC strategy, the electromagnetic torque can be simplified as (12): 

 

𝑇𝑒 = 𝐾𝑡𝑖𝑠𝑞  (12) 

 

where 𝐾𝑡 is the torque constant; 𝑖𝑠𝑞  is the stator current component in the dq frame. 

From the vehicle dynamic model (1)–(3), the required torque of the in-wheel motor can be 

expressed as (13): 

 
𝑇𝑚

𝑛
= 𝑇𝑚𝑜𝑡𝑜𝑟 = 𝐾𝑡𝑖𝑠𝑞  (13) 

 

where 𝑖𝑠𝑞  is the stator current command corresponding to the desired torque; n is the number of traction 

motors in the EV. The torque equation for the in-wheel SPIM is given by (14): 

 

𝑇𝑒 =  𝐽
𝑑𝜔𝑟

𝑑𝑡
 +  𝐵𝜔𝑟 + 𝑇𝑚𝑜𝑡𝑜𝑟 =  𝐽

𝑑𝜔𝑟

𝑑𝑡
 +  𝐵𝜔𝑟 + 

𝑇𝑚

𝑛
 (14) 

 

where 𝐽 is the moment of inertia of the in-wheel SPIM including the tire; B is the viscous coefficient. 

Assuming constant SPIM parameters, the overall EV dynamic model including the SPIM torque equation is 

written as (15a): 

 

𝑇𝑒 = (𝐽 + 𝑚
𝑟2

𝑛𝐺2
)
𝑑𝜔𝑟

𝑑𝑡
+  𝐵𝜔𝑟 +

𝑟

𝑛𝐺
(𝜇𝑟𝑟𝑚𝑔 + 

1

2
𝜌𝐴𝐶𝑑𝑣

2 +  𝑚𝑔 𝑠𝑖𝑛 𝜙 + 𝐹𝐿)  (15a) 

 

Simplifying gives: 

 

𝑇𝑒 = (𝐽 + 𝑚
𝑟2

𝑛𝐺2
)
𝑑𝜔𝑟

𝑑𝑡
+  𝐵𝜔𝑟 + 𝑇𝐿 (15b) 

 

where TL is the load torque including effects from rolling resistance, aerodynamic drag, road slope, and 

external disturbances. 

 

 

3. THE STABS_PCH CONTROL STRUCTURE FOR FOC-BASED SPIM DRIVES 

3.1.  Design of the STABS controller for outer speed and flux loops 

In this study, an adaptive VGSTABS approach is developed for the vector control of SPIM drives. 

The stability and dynamic behavior of the proposed control system are analyzed within the Lyapunov 

framework [14]. BS control provides a recursive procedure for constructing nonlinear control laws, where a 

virtual control signal is introduced to guarantee system convergence toward equilibrium. This strategy 

enables the design of robust controllers capable of handling various disturbances and parameter uncertainties. 

To further enhance robustness, integral terms of the tracking errors are incorporated into the BS design. 
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Moreover, the modified BS scheme is combined with the VGSTA method, which strengthens its ability to 

cope with parameter variations and load disturbances while effectively reducing the chattering commonly 

observed in conventional sliding-mode control methods. 

 

𝜀𝜔 = (𝜔𝑟
∗ − 𝜔𝑟) + 𝑘𝜔∫ (𝜔𝑟

∗ − 𝜔𝑟)𝑑𝑡
𝑡

0

 

𝜀𝜓 = (𝜓𝑟𝑑
∗ − 𝜓𝑟𝑑) + 𝑘𝜓 ∫ (𝜓𝑟𝑑

∗ − 𝜓𝑟𝑑)𝑑𝑡
𝑡

0
 (16) 

 

The error dynamical equations are  

 

𝜀𝜔
.
= 𝜔∗

.

−
3

2
𝑛𝑝
𝛿𝜎𝐿𝑠
𝐽

𝜓𝑟𝑑𝑖𝑠𝑞
∗ +

𝑇𝑙
𝐽
+ 𝐵𝜔 + 𝑘𝜔

′ (𝜔∗ − 𝜔) 

𝜀𝜓
.
= 𝜓𝑟𝑑

∗
.

−
𝐿𝑚

𝜏𝑟
𝑖𝑠𝑑
∗ +

1

𝜏𝑟
𝜓𝑟𝑑 + 𝑘𝜓

′ (𝜓𝑟𝑑
∗ − 𝜓𝑟𝑑) (17) 

 

To obtain the virtual controller of speed and rotor flux loop, the following Lyapunov function candidate is 

considered: 

 

𝑉(𝜔,𝜓) =
1

2
(𝜀𝜔

2 + 𝜀𝜓
2) (18) 

 

Differentiating V and combining formula (5), we get:  

 

𝑉(𝜔,𝜓)
.

= 𝜀𝜔𝜀𝜔
.
+ 𝜀𝜓𝜀𝜓

.
= 𝜀𝜔 [𝜔

∗
.

− 𝑘𝑡 𝜓𝑟𝑑𝑖𝑠𝑞 + 
𝑇𝐼 

𝐽
+ 𝐵𝜔 + 𝑘𝜔

′  (𝜔∗ − 𝜔) + 𝜀𝜓𝑟𝑑 {𝜓𝑟𝑑
∗
.

−
𝐿𝑚

𝜏𝑟
𝑖𝑠𝑑
∗ +

1

𝜏𝑟
𝜓𝑟𝑑 + 𝑘𝜓

′ (𝜓𝑟𝑑
∗ − 𝜓𝑟𝑑)}   (19) 

 

where:  kω, kѰ are positive constants 

 

𝑘𝑡 =
3

2
𝑛𝑝

δσL𝑠
𝐽
; 

 

To V' <0, the stabilizing virtual controls are chosen as (20). 

 

𝑖𝑠𝑞
∗ =

1

𝑘𝑡𝜓𝑟𝑑
{𝑘𝜔𝜀𝜔 + 𝜔

∗
.

+ 𝐵𝜔 +
𝑇𝑙
𝐽
+ 𝑘𝜔

′ (𝜔∗ −𝜔)} + 𝜈𝛼 

𝑖𝑠𝑑
∗ =

𝜏𝑟

𝐿𝑚
{𝑘𝜓𝜀𝜓 + 𝜓𝑟𝑑

∗
.

+
1

𝜏𝑟
𝜓𝑟𝑑 + 𝑘𝜓

′ (𝜓𝑟𝑑
∗ −𝜓𝑟𝑑)} + 𝜈𝛽 (20) 

 

where, 𝜈𝛼, 𝜈𝛽are the control signals injected in order to improved the performance of BS controller. The load 

torque TL is estimated:  

 

𝑇𝐿 = 
1

1+ 𝜏0𝑝
 [(

3

2
 𝑃 

𝐿𝑚

𝐿𝑟
 𝜓𝑟𝑑

^ 𝑖𝑠𝑞) − 
𝐽

𝑃
 
𝑑𝜔

𝑑𝑡
] ; (21) 

 

where: τ0: is time gain; p: differential.   

The variable-gain second-order sliding mode strategy adjusts its gain based on the real disturbance 

bound, thereby mitigating the intensity of chattering. In this framework, the super-twisting algorithm is 

enhanced with a variable-gain mechanism to compensate for disturbances whose gradient bounds depend on 

the system states.  

According to [30]–[32], the proposed variable-gain super-twisting algorithm (VGSTA) is 

formulated as (22): 

 

{
𝑣1(𝑡) = 𝑘𝜔(𝑡, 𝜀𝜔) [𝛿1𝜙𝜔1(𝑆1) + 𝜇1 ∫ 𝜙𝜔2(𝑆1)𝑑𝑡

𝑡

0
]

𝑣2(𝑡) = 𝑘𝜓(𝑡, 𝜀𝜓) [𝛿2𝜙𝜓1(𝑆2) + 𝜇2 ∫ 𝜙𝜓2(𝑆2)𝑑𝑡
𝑡

0
]
 (22) 
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where, 

{
 
 

 
 
𝑘𝛼𝜔(𝑡, 𝜀𝜔) = 𝑆1𝑠𝑎𝑡(𝑆1)

𝑘𝛼𝜓(𝑡, 𝜀𝜓) = 𝑆2𝑠𝑎𝑡(𝑆2)

𝜙1(𝑆𝑥) = |𝑆𝑥|
1

2𝑠𝑎𝑡(𝑆𝑥) + 𝑘3𝑆𝑥

𝜙2(𝑆𝑥) =
1

2
𝑠𝑎𝑡(𝑆𝑥) +

3

2
𝑘3|𝑆𝑥|

1

2𝑠𝑎𝑡(𝑆𝑥) + 𝑘3
2𝑆𝑥

 (23) 

 

From (19)-(20) and (22)-(23), we obtain: 

 
𝑑𝑉(𝜔,𝜓)

𝑑𝑡
= −𝑘𝜔𝜀𝜔

2 − 𝑘𝜓𝜀𝜓
2 −𝜀𝜔𝜈𝛼 − 𝜀𝜓𝜈𝛽 < 0 (24) 

 

The virtual controls in (20) are chosen to satisfy the control objectives and also provide references for the 

next step of the VGSTA SM controller design. 

 

3.2.  SMC design with the variable-gain super-twisting algorithm for in the inner current loops 

In this part, a high-order nonlinear sliding control algorithm based on Lyapunov stability theory 

using the variable-gain super-twisting algorithm is proposed for the inner current loops to increase robustness 

of overall system, minimizing the effects of parameter variations and unforeseen disturbances in the control 

process. The current error tracking function defined: 

 

𝜀𝑖𝑠𝑑 = 𝑖𝑠𝑑
∗ − 𝑖𝑠𝑑; 𝜀𝑖𝑠𝑞 = 𝑖𝑠𝑞

∗ − 𝑖𝑠𝑞 (25) 

 

The corresponding nonlinear slip surface according to the current components is defined as (26):  

 

{
𝑆3 = 𝜀is𝑑 + 𝑘4|∫ 𝜀is𝑑𝑑𝑡|

1

2𝑠𝑎𝑡(∫ 𝜀is𝑑𝑑𝑡)

𝑆4 = 𝜀isq + 𝑘5|∫ 𝜀isq𝑑𝑡|
1

2𝑠𝑎𝑡(∫ 𝜀isq𝑑𝑡)
 (26) 

 

Combining formula (5), taking the time differential on both sides of (26), we get: 

  

𝑑𝑆3
𝑑𝑡

=
𝑑𝜀is𝑑
𝑑𝑡

+
𝑑

𝑑𝑡
[𝑘4 |∫ 𝜀is𝑑𝑑𝑡|

1
2
𝑠𝑎𝑡 (∫ 𝜀is𝑑𝑑𝑡)] 

  =
𝑑𝑖𝑠𝑑
∗

𝑑𝑡
−

1

𝐿𝑠
[-aisd+ L𝑠𝜔𝑒𝑖sq+ bR𝑟𝜓rd+ cusd] +

𝑑

𝑑𝑡
[𝑘4|∫ 𝜀is𝑑𝑑𝑡|

1

2𝑠𝑎𝑡(∫ 𝜀is𝑑𝑑𝑡)] = −𝑣3 (27) 

𝑑𝑆4
𝑑𝑡

= 𝜀isq + 𝑘5 |∫ 𝜀isq𝑑𝑡|

1
2
𝑠𝑎𝑡 (∫ 𝜀isq𝑑𝑡) 

=
𝑑𝑖𝑠𝑞

∗

𝑑𝑡
−
1

𝐿𝑠
[-aisq- L𝑠𝜔𝑒𝑖sd-b𝑟𝜔𝑒𝜓rd+ cusq] +

𝑑

𝑑𝑡
[𝑘5 |∫ 𝜀isq𝑑𝑡|

1
2
𝑠𝑎𝑡 (∫ 𝜀isq𝑑𝑡)] = −𝑣4 

 

In the proposed method, we select the ν₃ and ν₄ switching control functions, based on the design principles 

presented in  

 

{
𝑣3(𝑡) = 𝑘𝛼1(𝑡, 𝜀is𝑑) [𝛿1𝜙1(𝑆3) + 𝜇1 ∫ 𝜙2(𝑆3)𝑑𝑡

𝑡

0
]

𝑣4(𝑡) = 𝑘𝛼2(𝑡, 𝜀isq) [𝛿2𝜙1(𝑆4) + 𝜇2 ∫ 𝜙2(𝑆4)𝑑𝑡
𝑡

0
]
 (28) 

 

where, 

{
 
 

 
 
𝑘𝛼1(𝑡, 𝜀is𝑑) = 𝑆3𝑠𝑎𝑡(𝑆3)

𝑘𝛼2(𝑡, 𝜀isq) = 𝑆4𝑠𝑎𝑡(𝑆4)

𝜙1(𝑆𝑥) = |𝑆𝑥|
1

2𝑠𝑎𝑡(𝑆𝑥) + 𝑘6𝑆𝑥

𝜙2(𝑆𝑥) =
1

2
𝑠𝑎𝑡(𝑆𝑥) +

3

2
𝑘6|𝑆𝑥|

1

2𝑠𝑎𝑡(𝑆𝑥) + 𝑘6
2𝑆𝑥

 (29) 

 

With x=1:2, k4, k5, k6, δ1, δ2, μ1, μ2 are positive coefficients. From (27) the virtual control functions of the 

current control loop are determined as follows:   
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{
  
 

  
 𝑢𝑠𝑑

∗ =
𝐿𝑠

𝑐
{𝑣3(𝑡) +

𝑑𝑖𝑠𝑑
∗

𝑑𝑡
+

𝑑

𝑑𝑡
[𝑘4|∫ 𝜀is𝑑𝑑𝑡|

1

2𝑠𝑎𝑡(∫ 𝜀is𝑑𝑑𝑡)]}

+
1

𝑐
[aisd- L𝑠𝜔𝑒𝑖sq- bR𝑟𝜓rd]

𝑢𝑠𝑞
∗ =

𝐿𝑠

𝑐
{𝑣4(𝑡) +

𝑑𝑖𝑠𝑞
∗

𝑑𝑡
+

𝑑

𝑑𝑡
[𝑘5|∫ 𝜀isq𝑑𝑡|

1

2𝑠𝑎𝑡(∫ 𝜀isq𝑑𝑡)]}

+
1

𝑐
[aisq+ L𝑠𝜔𝑒𝑖sd+b𝑟𝜔𝑒𝜓rd]

 (30) 

 

We select the Lyapunov function:  

 

𝑉 =
1

2
[𝑆3
2 + 𝑆4

2] (31) 

 

Differentiate both sides of (31), combine with formulas (27) and (28) to get: 

 
𝑑𝑉

𝑑𝑡
= 𝑆3

𝑑𝑆3
𝑑𝑡

+ 𝑆4
𝑑𝑆4
𝑑𝑡

 

= −𝑘𝛼1(𝑡, 𝜀is𝑑)𝑆1 [𝜙1(𝑆3) + ∫ 𝜙2(𝑆3)𝑑𝑡
𝑡

0
] − 𝑘𝛼2(𝑡, 𝜀isq)𝑆4 [𝜙1(𝑆4) + ∫ 𝜙2(𝑆4)𝑑𝑡

𝑡

0
] (32) 

 

From (32), we see that the differential of the Lyapunov function is always negative. Therefore, the system is 

always stable. 

 

 

4. SIMULATION AND DISCUSSION 

To validate the effectiveness and robustness of the proposed IABSSOSM control strategy, detailed 

simulations were conducted using MATLAB/Simulink on an electric vehicle (EV) propulsion system driven 

by a six-phase induction motor (SPIM). The primary objective of this simulation study is to assess the 

dynamic performance, reference speed tracking accuracy, torque response quality, and robustness against 

disturbances and parameter variations. Figure 4 illustrates the complete FOC-based vector control system 

utilizing the proposed hybrid structure. 

 

 

 
 

Figure 4. FOC vector control of SPIM drive using novel improved BS_SM control structure 

 

 

The test profiles include a modified ECE-40 urban driving cycle, an enhanced ECE-15 cycle, and a 

step speed reference profile, based on standard drive patterns from [2], [11], [18], and [25]. The SPIM motor 
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parameters used are: 10 kW, 220 V, 50 Hz, 6 poles, 970 rpm. Electrical parameters: 10 kW, 220 V, 50 Hz,  

6 pole, 970 rpm. Rs=1.63, Rr=1.08, Ls=0.2792 H, Lr=0.2602 H, Lm=0,2602 H, J=0.109 kg.m2.  

 

4.1.  Test case 1 – modified ECE-40 urban driving cycle 

This test evaluates system behavior under a modified ECE-40 urban cycle, based on [25], simulating 

low-speed city driving (0–55 km/h). As shown in Figure 5, the proposed controller demonstrates accurate 

reference tracking, rapid torque response, and stable rotor flux regulation during frequent acceleration and 

deceleration phases. The EV's speed closely tracks the reference, with negligible error in both transient and 

steady-state phases—even at very low or zero speeds. Torque response is fast and stable; rotor flux is well 

maintained. The IABSSOSM controller delivers excellent performance during both acceleration and 

deceleration, ensuring timely speed adjustments. 

These results confirm the IABSSOSM controller’s ability to maintain speed accuracy with minimal 

overshoot and smooth current transitions under complex, stop-and-go city conditions. Compared to PID or 

BS-SMC controllers, the proposed method provides enhanced convergence and improved chattering 

suppression. Especially beneficial at low speeds where EV torque control is most sensitive. 

 

 

 

 

  

 

 

  
 

Figure 5. Speed response, current, rotor flux, and torque under the modified ECE-40 cycle [25] 

 

 

4.2.  Test case 2_extended urban cycle – enhanced ECE-15 

In the second scenario, the system is subjected to a modified ECE-15 profile over five cycles, 

includes four low-speed and one high-speed segment. This test uses a pattern similar in [18], it is useful for 

validating EV performance in urban, suburban, and highway scenarios. Figure 6 shows speed response, 

current, and torque. 

Observations these results in Figure 6, it is easy to see that, speed closely follows the reference 

across all phases. Transient process is managed without oscillations or delay. Torque peaks are appropriately 

damped due to predictive estimation. The VGSTA mechanism enables gain adaptation under time-varying 

load disturbances, an improvement over fixed-gain designs commonly used in past literature. This improve 

provides the controller’s adaptability and robustness in dynamic and prolonged driving conditions. 
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Figure 6. Speed, speed error, current, and torque response in the enhanced ECE-15 test cycle 
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4.3.  Test case 3 – step speed reference tracking 

To further investigate the transient performance and adaptability under abrupt setpoint changes, a 

step-reference speed profile is applied. The vehicle accelerates from 0 to 60 km/h (~400 rpm), then, 

decelerates to 30 km/h (~200 rpm), and then accelerates to 80 km/h (~535 rpm) simulating flat, downhill, and 

uphill driving scenarios. This test is based on the drive model from [2]. 

Figure 7 shows speed, stator current, and torque during the full test. The results verify that the 

proposed controller offers fast dynamic response and excellent control quality across both steady and 

transient states—satisfying EV propulsion requirements under all operating conditions. Across all three test 

cases, the reference tracking error remains near zero in steady-state. The IABSSOSM controller provides 

responsive and accurate control during both acceleration and deceleration phases. The control signals are 

derived based on the Lyapunov theory ensures stable system operation. Current and flux are tightly regulated 

in all three test scenarios. 

In the third test case, due to the step-type reference input, current and torque peaks occur at the 

transition points, but they quickly converge to the desired values. Estimation and tracking errors approach 

zero in steady-state. As presented in Figure 7, the controller quickly tracks each reference transition with 

minimal overshoot (<3%) and settling time (<0.15s). Torque and current transients remain well within 

operational bounds and quickly stabilize after each change. Rotor flux maintains constant amplitude, 

indicating strong magnetic stability. 

It is clear that, this scenario is critical for EVs, especially during aggressive maneuvers or changes in 

driver commands. The proposed controller handles all speed jumps smoothly without requiring controller 

retuning or prior disturbance knowledge. The VGSTA effectively modulates the control effort based on error 

magnitude and disturbance estimate, ensuring finite-time convergence. These features mark a substantial 

improvement over classical SMC which often suffers from chattering at high gains and poor convergence 

when gains are fixed. 

 

 

 

 

 

 
 

Figure 7. Speed response, torque and ISDQ current under sudden changes in reference speed 

 

 

4.4.  Robustness evaluation under step load disturbance 

A step torque disturbance is introduced at zero-speed to assess load rejection capabilities in Test 4. 

This test is conducted based on the reference implementation in [11]. Figure 8 illustrates the system response 

in terms of speed tracking, estimation error, stator current, rotor flux, and electromagnetic torque. The 

obtained results show that despite a sudden increase in external torque, the system maintains speed at 0 km/h, 

and rotor flux and current remain stable these demonstrate the high accuracy of the controller.  
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Figure 8. Speed response, estimation error, current, and torque based on the test in [11] 

 

 

By integrating VGSTA and predictive estimation, this work addresses two major weaknesses of prior 

BS-SMC structures: fixed gain tuning and lack of foresight in disturbance rejection. These improvements 

offer real-world applicability, particularly in EVs requiring adaptive control under dynamic urban and 

highway conditions. The system demonstrates excellent dynamic behavior, high tracking precision, and 

robust torque response in four tests. These results valid the proposed controller's ability to maintain system 

stability and performance under variable operating conditions. While simulation results are promising, 

experimental validation on a physical EV platform is required to assess real-time performance under sensor 

noise and inverter nonlinearity. Future research will extend this work to Hardware-in-the-Loop simulation 

and embedded implementation using DSP or FPGA platforms. 

 

 

5. CONCLUSION 

This paper has proposed a novel field-oriented control strategy for the speed control of a dual-star six-

phase induction motor (DSIM) applied to EV drive systems. The control structure integrates a hybrid 

nonlinear controller and variable -gain- super-twisting algorithm. In addition, a predictive torque estimator is 

introduced to proactively reject external disturbances and further enhance the performance of the 

IABSSOSM control framework. The developed control scheme demonstrates precise reference speed 

tracking, fast torque response, and high operational reliability under varying load conditions. The proposed 

EV drive control system fulfills key technical requirements, including a wide speed regulation range, rapid 

startup capability, and stable low-speed operation under high torque demand. Simulation results validate the 

effectiveness of the IABSSOSM strategy and confirm its suitability for real-world EV applications, aligning 

with industry expectations and performance standards. In future work, the proposed IABSSOSM controller 

will be implemented on real-time embedded platforms and validated through hardware. Further research will 

develop its application to multi-motor EV systems to enhance coordination and robustness in practical 

environments. 
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