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1. Introduction  

Nowadays, one of the most promising alternatives to traditional vehicles is Electric Vehicles 

(EVs). They represent a key application in which propulsion control relies on the availability and 

quality of Electric Machine Drive (EMD). The EMD plays a pivotal role in making vehicles, where 

different kinds of electric machines are broadly employed each delivering particular pros, selecting 

the most appropriate motor is based on a lot of criteria, mainly: wide torque–speed capability, high 

power and torque densities, high efficiency in wide torque–speed ranges, high reliability, and 

robustness [1], [2]. Table 1 illustrates the benefits and drowbacks of various types of electric 
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 In the dynamic realm of electrical system traction, when Electric Vehicles 

(EVs) operate at various speeds or require high levels of accuracy and 

reliability in propulsion, malfunctions or faults might occur. Therefore, 

the drive system must be capable of detecting, estimating, and 

accommodating these faults using the designed controllers. This paper 

proposes an efficient Fault-Tolerant Control (FTC) based on the Adaptive 

Neuro-Fuzzy Inference System (ANFIS) and an integrated Luenberger 

Observer (LO) for speed tracking control of an EV driven by a Double-

Fed Asynchronous Motor (DFAM). The ANFIS controller and LO are 

employed to play two functions: One for sensorless control and the other 

for estimating the fault that affect the machine. The performance metrics 

and accuracy of the ANFIS process are tested using statistical parameters, 

sush as Root Mean Square Error (RMSE), and convergence analysis. We 

use a High-Order Sliding Mode Controller (HOSMC), as a nominal 

control for DFAM. Moreover, the efficacy of the suggested control is 

demonstrated by comparing its performance with conventional FTC. We 

have found that ANFIS improves both the precision and responsiveness 

of the FTC, demonstrating no peak overshoot as well. The obtained 

results prove that the FTC-based on ANFIS was more enhanced fault 

estimation accuracy, reduced error, and faster convergence than the 

conventional FTC methods. Finally, these significant improvments 

underscore the effectiveness of the suggested algorithm. 
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motors used in Evs [2]-[10]. According to the table, the Double-Fed Asynchronous Motor (DFAM) 

could be an adequate element for EV propulsion, which can attain twice the nominal power and 

rated torque, respectively [11], [12]. Additionally, several researchers have used this type of motor 

for EV applications, which is mentioned in [13]-[15]. 

Table 1.  Characteristics of various motors used in EVs 

No Motors Benefits Drawbacks 

1 BLDC Motor 

- Accurate speed control 

- High reliability 

- High power density 

- Require complex electronic control systems 

- Lack mechanical commutators 

- Expensive startup expenses 

2 Asynchronous Motor 

- Higher torque control 

- Straightforward construction 

- Cost effectiveness 

- Limited speed  

- variation capabilities 

3 
Permanent Magnet 

Synchronous Motor 

- High power density 

- Higher efficiency 

- Dynamic speed control possible 

- More expensive due to permanent magnet 

- Difficult speed control  

- Narrow constant power region 

4 
Switched Reluctance 

Motor 

- Powerful torque control 

- Robustness and reliability  

- Low manufacturing cost 

- Vibration and noise 

- Higher torque ripple 

5 
Double Fed-

Asynchronous Motor 

- Cost-effectiveness  

- High power density 

- Robustness  

- Limited uses 

- Sensitive to grid faults 

- Limitation of the rotor voltage 

 

On the other hand, the DFAM is susceptible to various possible risks, which might occur from 

electrical and/or mechanical faults. These faults could result in substantial repercussions, including 

diminished product quality, and the motor can be compromised or interrupted. Consequently, the 

controllers may be unable to deliver appropriate control actions for the EV propulsion system [16], 

[17]. Therefore, the development of a solid fault tolerant control (FTC) and a monitoring system is 

crucial. To overcome these issues, sensorless FTC schemes have been developed using Adaptive 

Neuro-Fuzzy Inference System (ANFIS) to estimate these faults. 

These methods aim to simplify the system architecture, fast fault detection, and enhance 

reliability FTC, particularly in handling motor faults in EV systems, ensuring a stable and efficient 

operation. In [18], the authors prove a new FTC scheme for distributed drive EV, employing a Co-

simulation of Carsim and Matlab. This method can effectively improve the driving stability of the 

vehicle in different failure situations. However, there is a lack of  thorough comparison with 

existing methods. Despite these issues, the study offers promising advancements in driving stability 

while ensuring efficient control in different cases of motor failure. The robust and fail-safe 

controller proposed in the paper [19] aims to ensure continued vehicle safety, even in the face of 

multiple failure scenarios. Simulations and actual industrial settings have been used to evaluate this 

approach, and the outcomes of the experiment demonstrate its efficacy. Furthermore, there is a lack 

of comparative studies with different methodologies and a lack of experimental investigation into 

the effects of flaws. In the event of a real-time motor breakdown, the reference [20] presents an 

active FTC strategy for EVs with an unscented Kalman filter observer.  

The vehicle's dependability and safety can be successfully increased with this technique. On 

the other hand, because the influence of the suspension mechanism is not completely addressed in 

the research, this proposal is less efficient. In [21], the authors present a brake allocation method 

and a robust FTC for autonomous vehicle path following, taking into account the effects of braking 

actuator failures during the controller design process.  

An experimental investigation using the Car-sim/Simulink and HIL systems validates the 

FTC. By doing this, the longitudinal dynamics of the vehicle are eliminated, and only the impact of 

braking actuator failures on the lateral dynamics of the vehicle is studied. An innovative FTC 

approach was introduced in [22], with a special emphasis on internal errors in the winding of 

switching reluctance motors (SRMs) used in electric vehicle applications. In order to enhance the 

output torque profile, the authors suggest a new FTC approach based on the average torque control 
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algorithm that incorporates a current compensation method. By accepting inherent flaws in SRMs 

and satisfying EV requirements, such as limiting torque ripples to reduce vibrations and acoustic 

noise and optimizing output torque, this technique improves vehicle acceleration and overall 

efficiency. A theoretical model with simulation validation and a comparison with a healthy model 

are the main topics of the paper. Conversely, the writers fail to include more comparison research 

using different methodologies.  

This method's shortcomings include its sensitivity to changes in machine parameters, 

particularly in the case of open loop FTC. The recommended method in [23] addresses EV design 

and control, and it does so without relying on observer equations by efficiently applying passivity 

and the cascade of the vehicle-to-grid (V2G) system to create control laws. The asymptotic stability 

of the V2G system under the typical fault, which is Lock in Place (LIP) is not discussed in this 

research, which might improve this investigation. An extended Kalman filter (EKF) observer is 

used in the reference [24] to demonstrate a unique FTC of wye-connected 3-phase induction motor 

drives based on the Direct Field-Oriented Control (DFOC) technique. Results from experiments 

and simulations conducted under various operating settings are contrasted. Through this kind of 

fault, this technique showed a significant improvement in speed and torque pulsations. Although 

the method improves reliability and lessens the impact of faults, there are still a few things that may 

be done better. The sensitivity of the DFOC to parameter changes, such as variations in rotor or 

stator resistance, is not covered, nor is the intricacy and processing requirements of implementing 

EKF and DFOC in real-time.  

Despite several drawbacks, the approach has potential for lowering hardware complexity and 

enhancing FTC dependability. To limit fluctuating torque and enhance the dynamic performance of 

a five-phase permanent magnet synchronous motor with an open circuit fault, the authors of [25] 

introduce a novel fault-tolerant direct torque and flux control (DFTC) technique. The novel aspect 

of the suggested approach is the use of DTFC, which employs stator flux orientation in the event of 

an open-circuit fault, in conjunction with the carrier-based pulse width modulation methodology to 

suppress third harmonic current. Through simulations and real-world application, the FTC 

performance was confirmed. The FTC approach for four-wheel motor drive EVs is proposed in the 

study [26], taking into account both motor power consumption and vehicle stability. Two levels 

make up the control structure in this study: a fault-tolerant coordinated controller at the bottom and 

a nonlinear model-predictive controller at the top. Numerical experiments are used to evaluate the 

effectiveness of the suggested control method. This innovative FTC technique lowers power usage 

while simultaneously enhancing driver comfort and vehicle stability.  

FTC for a multiphase brushless direct current (BLDC) motor in an electric propulsion system 

is presented in the article [27]. The suggested approach is predicated on a comparison of three FTC 

approaches (minimum double phase, half phase, and many phases). Hardware-in-the-loop 

simulation of a 12-phase BLDC motor was used to validate the proposed FTC approaches. 

Fast fault detection and highly reliable FTC of EVs are among the hottest topics in present 

study, according the most recent pertinent references. According to earlier research on EV fault 

tolerant control, the FTC controller by itself is unable to guarantee the required dynamic 

performance and function well in a range of EV circumstances.  

However, one of the biggest obstacles to EV motor failure is choosing the right FTC 

technique. ANFIS and FTC together are still used in a number of newly released research studies, 

despite the availability of several sophisticated estimating techniques. ANFIS have drawn 

particular attention because of its low cost, quick convergence rate, and defect detection time. 

In actuality, the ANFIS controller, one of the methods created to integrate the benefits of 

artificial neural networks (ANNs) and fuzzy logic control (FLC) [28], has been effectively used in 

numerous control applications. In order to control DFIM, an improved direct torque control (DTC) 

based on ANFIS was suggested by [28]. This method uses an ANFIS regulator to reduce the DFIM 

drive's torque, flux, and THD variations. When compared to the traditional method, this study 

shows how effective and efficient the 24 sectors DTC-ANFIS is. Using structural analysis, the 
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research suggests a fault diagnosis technique that makes use of Takagi Sugeno (TS) observers. 

Based on data-driven methods and the TS Zonotopic observer, the authors have proposed a hybrid 

strategy to identify and isolate defects in wind turbine systems.  

A multioutput ANFIS was being used to identify the WT model. The approach is put into 

practice on a WT Benchmark in a realistic setting with several fault scenarios. A technique for 

managing brushless direct current (BLDC) was presented in [29]. It uses a fuzzy inference system 

based on an advanced adaptive network (AANFIS) to identify faults, including open circuit (OC) 

and short-circuit (SC) problems. The accuracy and power loss of current ANN approaches are 

compared in this study. Consequently, the combination of fuzzy logic and neural networks yields 

superior performance and great accuracy when compared to traditional networks.  

Furthermore, the suggested method enhances the artificial neural network's accuracy and 

energy loss ratio. The performance of three sophisticated optimization algorithms: sunflower 

optimization (SFO), Jaya optimization algorithm (JOA), and black hole optimization (BHO) is 

examined by the authors of [30]. These are taken into consideration for improving defense against 

enemy attacks of the X-15 adaptive flight control systems (AFCS) and maximizing gains for a 

fractional order proportional integral derivative (FOPID) controller. A thorough assessment and 

accurate analysis validate the proposed methodology. The suggested approach aims to improve the 

accuracy and scalability of the system when managing voltage and current sensors. Random 

reinforcement learning processes may produce difficult convergences, such a deep deterministic 

policy gradient. Furthermore, these algorithms need to be thoroughly tested in a variety of AFCS 

motion scenarios in order to significantly increase the reliability of this approach. It is also 

important to consider that the controller might need to be re-tuned frequently in order to modify its 

gains in response to modifications in the system model. In order to address these problems, the 

work of [31] created a novel technique based on a significant level to use optimization algorithms 

like BHO, JOA, and SFO to find the ideal value of FOPID gains.  

For navigating the maze-like world of optimization complexity, particularly in AFCS motion 

scenarios, this method offers a compass. In [32], the authors presented a novel method for the 

nonlinear system, specifically for Unmanned Aerial Vehicles (UAVs) traversing challenging 

terrain. The goal of this approach was to integrate the FOPID with Time Invariant Derivative 

(FOPID-TID) controller with the Hybrid Archimedes Optimization Algorithm-Rider Optimization 

Algorithm (HAOAROA). The latter was used in conjunction with a fractional calculus to improve 

robustness and stability. The suggested method maintains UAV control precision and trajectory 

smoothness while adapting to shifting environmental variables. The authors of [33] suggest a novel 

method for Automatic Voltage Regulation (AVR) that combines ANFIS with a Hybrid Intelligent 

Fractional Order Proportional Derivative2+Integral (FOPDD+I) controller. The comparison of 

three scenarios: the AVR system without a controller, with a traditional PID controller, and with 

the recommended method is where the novelty lies. Effective performance metrics, including rise 

time, settling time, overshoot, and steady-state error, were found using this method for the 

FOOD+I-ANFIS strategy in AVR. The control of the 3-DOF Helicopter System is covered in the 

paper [34], which successfully uses three cutting-edge AI techniques to design control laws based 

on tuning a FOPID controller: Harris Hawks Optimization (HHO), Hybrid Sperm Swarm 

Optimization Gravitational Search Algorithm (HSSOGSA), and Hybrid Grey Wolf Optimization 

Particle Swarm Optimization (HGWOPSO).  

After comparing the suggested approach to these three algorithms, it is shown that the HHO 

algorithm improves flight dynamics, stability, and dynamic reaction. The disadvantage of the 

proposed method is that it solely depends on simulations with little insight into the algorithms 

being employed. In order to offer recommendations on boosting efficacy, the authors' study in [35] 

focuses on the causes, problems, and limitations of UAV technology as well as Chinese remedies 

to these problems. In order to get precise predictions that go beyond experimental observations, 

they have applied the Simple Iterative Method for Pressure Linked Equations (SIMPLE) algorithm 

to UAV rotor systems. However, the battery's restricted power source is the main disadvantage of 

UAVs. The authors proposed a solution to address this problem, demonstrating that meta heuristic 
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algorithms are a popular optimization strategy for resolving UAV path planning issues with one or 

more objectives. The authors further demonstrate that the COA is one meta heuristic technique that 

has demonstrated exceptional promise in handling nonlinear optimization issues. 

Currently, most researchers design Fault Tolerance Control (FTC) schemes by constructing 

observers. In [36] a new FTC scheme for dual three-phase induction machine based EV was 

introduced, employing a sliding mode observer approach. While the approach reduces faults and 

enhances reliability, several area need enhancement. The authors in [37] present an adaptive 

observer-based FTC scheme for wind turbines. The simulation results demonstrate that the FAFE 

algorithm’s proposed FTC strategy effectively stabilizes the defective system and outperforms the 

baseline on the WT benchmark model. In [38], the authors proposed a robust actuator fault 

reconstruction for Takagi-Sugeno (T-S) fuzzy systems, and they have used a Fuzzy Synthesized 

Learning and Luenberger Observer. To illustrate the efficacy of the suggested methods, a 

numerical example and a simulation are given by them. 

In order to overcome the issues with malfunctioning control systems, recent research has 

demonstrated the significance of incorporating sophisticated control algorithms based on FTC in 

EV systems. Therefore, a combination of sensorless FTC and ANFIS is needed to produce effective 

motor control and ensure performance in vehicle [39]-[42]. This requirement has prompted the 

development of innovative EV monitoring and control systems, where cutting-edge technologies 

based on neuro-fuzzy systems have grown in significance [43]-[47].  

This paper seeks to develop a strong and straightforward control strategy for DFAM control 

by integrating FTC and ANFIS. The goal of our suggested method is to make performance resilient 

to uncertainties as well as external disruptions. This comprises excellent control of the EV. The 

research contribution can be clarified as follows: 

• A development of an FTC method based on ANFIS with LO to improve the performance of 

DFAMs drives in EVs applications. 

• A sensorless control based on LO is designed to improve estimation accuracy under fault 

conditions. Furthermore, it guarantees finite-time convergence and robustness against faults 

affecting the motor. 

The suggested study is structured into six sections: Section 2 introduces the dynamic model of 

EV propulsion system, while Section 3 addresses the conventional sensorless FTC strategy. Section 

4 provides more details about the mechanism by which the proposed ANFIS functions. The 

simulation results, which demonstrate the comparison between the suggested ANFIS-FTC and the 

conventional FTC methods, are illustrated in Section 5. At last, Section 6 addresses the conclusion 

and outlines potential future research. 

2. Complete System Mathematical Modeling  

The modeling of propulsion systems has a vital role in EVs transitioning energy, where these 

systems transform the mechanical energy of motors into the wheels of vehicle. The dynamic 

modeling of EV specializes in the interaction between the vehicle and external disturbances to 

create resistant forces that apply load torque in the drive rotor. 

2.1. Modeling of Electric Vehicle 

Fig. 1 depicts the two main areas where EVs generally operate: constant torque and constant 

power. In the constant torque range, the motor delivers maximum torque from standstill to base 

speed, allowing powerful acceleration and climbing. Beyond the base speed, the motor shifts to the 

constant power area, where it maintains maximum power output by reducing torque as speed 

increases. This allows higher top speed [3]. The dynamic model for vehicle is represented by the 

following equation [48]: 
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 𝐹𝑡 =
1

2
ρ𝐶𝑎𝑆𝑓(𝑉𝑣 ± 𝑉𝑤)

2 ±𝑀𝑣gsin(𝛼𝑝) + 𝐶𝑟𝑀𝑣g +𝑀𝑣�̇�𝑣 (1) 

Where Ft is the total force exerted on the vehicle in motion, ρ is air density, Cr, Ca are rolling and 

aerodynamic coefficient, Mv, Sf, Vw, and Vv are the mass, frontal area, wind speed, and velocity of 

EV, respectively. 

 

Fig. 1. Mechanical characteristics of an EV 

2.2. Faulty Model of DFAM 

The DFAM mathematical model in the αβ stationary reference frame inserting the fault. 

 

{
 
 
 
 

 
 
 
 𝑖̇𝛼𝑠 = −ℷ𝑖𝛼𝑠 +

𝑘

𝑇𝑟
𝜑𝛼𝑟 + 𝑘𝑤𝑟𝜑𝛽𝑟 − 𝑘𝑣𝛼𝑟 + 𝑏1𝑣𝛼𝑠 + 𝑓𝛼𝑠 

𝑖�̇�𝑠 = −ℷ𝑖𝛽𝑠 +
𝑘

𝑇𝑟
𝜑𝛽𝑟 + 𝑘𝑤𝑟𝜑𝛼𝑟 − 𝑘𝑣𝛽𝑟 + 𝑏2𝑣𝛽𝑠 + 𝑓𝛽𝑠

�̇�𝛼𝑟 =
𝐿𝑚
𝑇𝑟
𝑖𝛼𝑠 −

𝜑𝛼𝑟
𝑇𝑟

+ 𝑤𝑟𝜑𝛽𝑟 + 𝑣𝛼𝑟

�̇�𝛽𝑟 =
𝐿𝑚
𝑇𝑟
𝑖𝛽𝑠 −

𝜑𝛽𝑟

𝑇𝑟
−𝑤𝑟𝜑𝛼𝑟 + 𝑣𝛽𝑟

 (2) 

Where: fαs and fβs are the input additive faults. 

Therefore, the system input that is subject to additive faults is described by [36]: 

 {

𝑓𝛼𝑠 = 𝐴𝑠𝑖𝑛(𝑤𝑖 + 𝜑)

𝑓𝛽𝑠 = 𝐴𝑐𝑜𝑠(𝑤𝑖 + 𝜑)

𝑤𝑖 = 2𝜋𝑓𝑖                    

 (3) 

Where A and φ are the amplitude and phase, respectively. fi is a specific frequency that will be 

utilized to identify faults caused by rotor and stator asymmetries as follows [36]: 

 𝑓𝑖 = (1 ± 2𝑘
𝑠𝑤
𝑤𝑠
) 𝑓𝑠 (4) 

With: 𝑠𝑤 = 𝑤𝑠 − 𝑝𝑤𝑟 is the slip angular frequency, 𝑤𝑠 and fs are stator angular and supply 

frequency, respectively, and k is a positive integer. In case of faulty model, the stator mechanical 

faults are added to (2). 

Where: 

 

{
  
 

  
 𝑓𝛼𝑠 = 𝐴 [𝑤𝑖𝑐𝑜𝑠(𝑤𝑖𝑡 + 𝜑) −

1

𝜏1
𝑠𝑖𝑛(𝑤𝑖𝑡 + 𝜑)]   

𝑓𝛽𝑠 = −𝐴 [𝑤𝑖𝑠𝑖𝑛(𝑤𝑖𝑡 + 𝜑) +
1

𝜏2
𝑐𝑜𝑠(𝑤𝑖𝑡 + 𝜑)]

𝜏1 = 𝜏2 =
𝜎𝐿𝑚
𝑅𝑠

                                                         

 (5) 



ISSN 2775-2658 
International Journal of Robotics and Control Systems 

1725 
Vol. 5, No. 3, 2025, pp. 1719-1742 

  

 

Toufik Roubache (Enhanced Fault Tolerant Control for Double Fed Asynchronous Motor Drives in Electric Vehicles) 

 

The mechanical drive is given by: 

 {
𝐽𝑡�̇�𝑟 = 𝑇𝑒 − 𝑇𝑙 − 𝐵𝑥𝑤𝑟              

𝑇𝑒 = 𝑝(𝜑𝛼𝑟𝑖𝛽𝑠 −𝜑𝛽𝑟𝑖𝛼𝑠)         
 

 (6) 

Where: Jt, Te, Tl and Bx are the total coefficient inertia, motor torque, load torque, and friction 

coefficient, respectively, φαr and φβr are the rotor flux. 

3. Sensorless HOSMC Strategy 

A fault tolerant control system automatically manages system failures while maintaining 

stability and performance during such events. Fig. 2 depicts the proposed adaptable design for FTC 

that ensures maximum performance while keeping the overall system failure rate to an acceptable 

level. This strategy significantly enhances the reliability of the driving system. 

The SMC is a form of variable structure control that is both efficient and reliable for nonlinear 

and linear systems. The primary role of SMC is to supply a switching surface that complies with 

the principles of existence, convergence, and stability. The desired state can be attained from the 

switching surface, via suitable path adjustments to the control system's structure. Consequently, the 

design of a SMC involves two crucial stages: First, designing a sliding surface, second, setting a 

control law to attract the state trajectory to the surface [49]. Therefore, the surface must meet the 

criteria for convergence and stability. On the other hand, SMC has an undesirable effect known as 

the chattering phenomenon, which arises from the discontinuous state of its control actions. To 

overcome this disadvantage, it is necessary to find an efficient controller. In this study, we have 

selected the HOSMC based on the super-twisting algorithm (STA), because it achieves robust 

control to mitigate this issue [50]-[52]. The sliding surface can be defined as follows [53]: 

 𝑆(𝑥) = (
𝑑

𝑑𝑡
+ 𝜆)

𝑛−1

𝑒(𝑥) (7) 

With λ is a positive coefficient, n is the system order, and e(x) is the tracking error vector. First, to 

select the attractiveness condition, we should take into account the Lyapunov function as follows: 

 𝑉(𝑠) =
1

2
𝑆2 (8) 

As a necessary and sufficient condition, the time derivative of (8) must be negative [54]: 

 �̇�𝑆 < 0 (9) 

Second, to obtain the equivalent control, we must consider the following conditions for the 

invariance of the surface: �̇� = 𝑆 = 0 [55]. Therefore, a nonlinear term must be added to the 

equivalent control to achieve the total control, which provides a convergence and a sliding regime 

as follows [56]-[58]: 

 {
𝑢 = 𝑢𝑛 + 𝑢𝑒        

𝑢𝑛 = −𝛾𝑠𝑖𝑔𝑛(𝑆)
 (10) 

With: 𝛾 is a positive constant. 

By applying this control to the DFAM, we have introduced the following two sliding surfaces 

for speed and flux.  

 {
𝑆1 = 𝑘1(𝑤𝑟𝑒𝑓 −𝑤𝑟) + (�̇�𝑟𝑒𝑓 − �̇�𝑟)

𝑆2 = 𝑘2(Φ𝑟𝑒𝑓 −Φ𝑟) + (Φ̇𝑟𝑒𝑓 − Φ̇𝑟)
 (11) 
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With: 𝑘1 and 𝑘2 are positive gains 

The first derivation of (11) is given by: 

 

{
 
 
 

 
 
 

�̇�1 = 𝑘1(�̇�𝑟𝑒𝑓 − �̇�𝑟) + (�̈�𝑟𝑒𝑓 − �̈�𝑟)

= 𝑘1 (�̇�𝑟𝑒𝑓 −
1

𝐽
(−

𝑝𝐿𝑚
𝐿𝑠

(𝑖𝑟𝛽𝜑𝑟𝛼)−𝑘𝑓𝑤𝑟 − 𝑇𝑙)) + 𝐹1

�̇�2 = 𝑘2(Φ̇𝑟𝑒𝑓 − Φ̇𝑟) + (Φ̈𝑟𝑒𝑓 − Φ̈𝑟)

= 𝑘2 (Φ̇𝑟𝑒𝑓 − 𝑉𝑟𝛼 +
𝐿𝑚
𝑇𝑟
𝑖𝑠𝛼 −

1

𝑇𝑟
𝜑𝑟𝛼) + 𝐹2

 (12) 

Where: 

 {
𝐹1 = (�̈�𝑟𝑒𝑓 − �̈�𝑟)

𝐹2 = (Φ̈𝑟𝑒𝑓 − Φ̈𝑟)
 (13) 

Hence, the STA suggested for this control contains two parts: continuous and discontinuous 

u1, u2, respectively [59], [60]: 

 𝑢 = 𝑢1 + 𝑢2 (14) 

With: 

 𝑢1 = {
−𝜆|𝑆0|

Γ𝑠𝑖𝑔𝑛(𝑆) 𝑖𝑓 |𝑢| > 𝑆0 

−𝜆|𝑆|Γ𝑠𝑖𝑔𝑛(𝑆) 𝑖𝑓 |𝑢| ≤ 𝑆0  
 (15) 

 

 𝑢2 = {
−𝑢         𝑖𝑓 |𝑢| > 𝑈𝑀           

−𝛾𝑠𝑖𝑔𝑛(𝑆)     𝑖𝑓 |𝑢| ≤ 𝑈𝑀
 (16) 

3.1. Luenberger Observer 

The whole developed closed-loop system has been modeled, using a Luenberger observer 

(LO). The state equation can be constructed as follows: 

 �̇�𝛼𝛽 = 𝐴𝑥𝛼𝛽 +𝐵𝑢𝛼𝛽 + 𝐿𝑜𝑒𝛼𝛽 (17) 

With LO is the gain matrix of observer, which regulates the dynamics and the observer’s 

robustness. It is determined as follows: 

 𝐾𝐿 = [
𝐿𝑜1     𝐿𝑜2     𝐿𝑜3     𝐿𝑜4
𝐿𝑜2   −𝐿𝑜1   𝐿𝑜4   −𝐿𝑜3

]
𝑇

 (18) 

The coefficients 𝐿𝑜1, 𝐿𝑜2, 𝐿𝑜3, and 𝐿𝑜4 are defined as follows:  

{
 
 
 
 

 
 
 
 𝐿𝑜1 = (𝑘 − 1) [

1

𝜎𝐿𝑠
+
(1 − 𝜎)

𝜎𝑇𝑟
+
1

𝑇𝑟
]                                                                 

𝐿𝑜2 = (𝑘 − 1)�̂�𝑟                                                                                                      

𝐿𝑜3 =
(1 − 𝑘2)

𝛿
[
1

𝜎𝐿𝑠
+
(1 − 𝜎)

𝜎𝑇𝑟
+
1

𝑇𝑟
] +

(𝑘 − 1)

𝛿
[
1

𝜎𝐿𝑠
+
(1 − 𝜎)

𝜎𝑇𝑟
+
1

𝑇𝑟
]    

𝐿𝑜4 =
(𝑘 − 1)

𝛿
�̂�𝑟, 𝑘 > 0, 𝜎 = 1 −

𝐿𝑚
2

𝐿𝑠𝐿𝑟
, 𝑇𝑟 =

𝐿𝑟
𝑅𝑟
, 𝛿 =

𝐿𝑚
𝐿𝑠𝐿𝑟𝜎

                      

 

Thus 𝑒𝛼𝛽 is the difference between actual and estimated outputs, which is defined as follows: 
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 {
𝑒𝛼𝑠 = [𝑖�̂�𝑠 − 𝑖𝛼𝑠]

𝑇 

𝑒𝛽𝑠 = [𝑖�̂�𝑠 − 𝑖𝛽𝑠]𝑇
 (19) 

The estimated rotor speed is expressed as follows:  

 �̂�𝒓 = 𝑲𝒑(𝒆𝜶𝒓�̂�𝒓𝜷 − 𝒆𝜷𝒓�̂�𝒓𝜶) + 𝑲𝒊∫(𝒆𝜶𝒓�̂�𝒓𝜷 − 𝒆𝜷𝒓�̂�𝒓𝜶)𝒅𝒕 (20) 

With 𝑒𝛼𝑟 and 𝑒𝛽𝑟 are errors signals between the estimated and measured rotor flux. 𝐾𝑝 and 𝐾𝑖 

are gains for proportional and integral signal, respectively. 

4. Suggested ANFIS-FTC Method  

The straightforward application of adaptive neural network technology in machine control has 

enabled the resolution of various issues related to fault tolerance. In this context, a conventional 

FTC system is replaced by a controller based on ANFIS, as illustrated in Fig. 2. Furthermore, by 

incorporating Fuzzy Logic into the control selection process, the results not only improve fault 

tolerance but also showcase the adaptability and effectiveness of this strategy in addressing 

complex system faults. 

 

Fig. 2. Scheme of the proposed ANFIS-FTC for DFAM in the EV propulsion system 

4.1. ANFIS Strategy 

Currently, numerous applications of neuro-fuzzy systems have been developed for modeling 

and controling industrial systems [61]-[65]. Nevertheless, ANFIS allows the automatic generation 

of fuzzy rule-based models that utilize the Takagi-Sugeno inference model [66], [67]. The rule 

outputs are generated by a linear combination of input parameters and a constant term. The final 

outcome is obtained by averaging the weights outputs of all the rules [68]. ANFIS is an advanced 

mixture of an artificial neural network (ANN) and a fuzzy inference system (FIS) that provides a 

powerful and integrated solution to complicated engineering issues by capitalizing the strengths of 

both models [64], [69]. Fig. 3 shows the ANFIS design model, demonstrating how the ANFIS 

output estimates the fault from the DFAM drive, shown in (3). Fig. 4 shows the ANFIS fault 

tolerant method. In this case, ANFIS employs a five-layer neural network structure [70]-[76]: 

Layer 1 is responsible for calculating two control inputs. The first control input, X1 represents 

the error between the measured and estimated stator currents. The second input control, X2 is 

calculated from the first derivative of X1. Layer 2 involves the fuzzification of the output values 

from Layer 1. The membership function is modeled by the triangular function as: 
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 𝑄𝑖
1 = ℎ(𝑥) (21) 

In Layer 3, neurons are utilized to calculate the normalized degrees of rule fulfillment. The 

equation which represents the output of this Layer is as follows: 

 𝑄𝑖
3 =

𝑤𝑖
∑ 𝑤𝑘
2
𝑘=1

 (22) 

Layer 4 is responsible for the defuzzification of the first-order TS type fuzzy rules, which is 

performed to determine the weights total output. Node function is given by: 

 𝑄𝑖
4 = �̃�𝑖𝑓𝑜𝑖 = �̃�𝑖(𝑝𝑖𝑋1 + 𝑞𝑖𝑋2 + 𝑟𝑖) (23) 

Finally, in Layer 5, the output signal is computed using ANFIS, which uses in equation. 

 𝑄𝑖
5 = 𝑓 =∑�̃�𝑖𝑓𝑜𝑖

𝑖=1

= �̃�𝑖(𝑝𝑖𝑋1 + 𝑞𝑖𝑋2 + 𝑟𝑖) (24) 

As clarified in Fig. 3, the ANFIS integrates the Fuzzy Inference System (FIS) mechanism 

within the structure of a Neural Network (NN). Additionally, the TS fuzzy model, which includes 

two inputs: X1 and X2, and a single output is considered. Typically, the TS fuzzy includes three 

rules, which are expressed as: 

Rule I: if X1=A1 and X2=B1, then fo1 = p1 X1+q1 X2 + r1 

Rule II: if X1=A2 and X2=B2, then fo2 = p2 X1+q2 X2 + r2 

Rule III: if X1=A3 and X2=B3, then fo3 = p3 X1+q3 X2 + r3 

Where fo1,2,3 are outputs signals, A1, A2, A3, B1, B2, B3 and p1, p2, p3, q1, q2, q3, r1, r2, r3 are nonlinear 

and linear parameters, respectively. 

 

Fig. 3. Five layer ANFIS mechanism with two parameter inputs and one output  

In this study, the ANFIS mechanism generates changes in the reference voltage based on the 

currents error X1 and the derivate of the currents error X2, are defined as: 

 {

𝑋1(𝑘) = 𝑖𝛼𝛽𝑠(𝑘) − 𝑖�̂�𝛽𝑠(𝑘 − 1) 

𝑋2(𝑘) =
𝑑

𝑑𝑡
 (𝑋1(𝑘)) 

 (25) 
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Where 𝑖𝛼𝛽𝑠 and 𝑖�̂�𝛽𝑠 are the actual and estimated currents. 

The ANFIS control output can expressed as follows: 

 𝑈(𝑘) = 𝐾𝛽(𝑋1(𝑘) + 𝑋2(𝑘)) (26) 

Where, Ke, Kde and Kβ are the inputs and output scaling factors. 

The aim of this control strategy is to develop an ANFIS fault tolerant controller for the system 

described in (2). The ANFIS algorithm is employed to create a FTC system, specifically designed 

to enhance the performance of the system. In this work, the ANFIS structure contains two inputs 

and one output. The input of ANFIS is the output of residual signals training data of X1 and X2. The 

outcome of ANFIS is FTC of DFAM drive. The block diagram is shown in Fig. 4. 

 

Fig. 4. Scheme of ANFIS-FTC controller 

The suggested ANFIS controller's performance is demonstrated using essential metrics, such 

as root mean square error (RMSE), integral absolute error (IAE), and integral square error (ISE). 

These metrics will be summarized in a performance table. In this case, the standard performance 

indices can be expressed as follows [77]-[80]: 

 

{
 
 
 
 

 
 
 
 
𝑅𝑀𝑆𝐸 = √

1

𝑛
∑𝑒𝑘

2

𝑛

𝑘=1

 

𝐼𝑆𝐸 = ∫ 𝑒𝑘
2𝑑𝑡

𝑡

0

            

𝐼𝐴𝐸 = ∫ |𝑒𝑘|𝑑𝑡
𝑡

0

           

 (27) 

Where n denotes the dataset size 

The network is trained for 100 epochs, with the target error set to a minimal value. Fig. 5 

illustrates the training error waveform for the ANFIS controller, while Fig. 6 presents the ANFIS 

network model for this controller. The input membership function obtained after training, and it is 

shown in Fig. 7. The FIS is trained using neural networks' hybrid learning approach. The ANFIS 

controller's consequent and premise parameters are identified using the hybrid learning approach, 

which combines least square estimation and gradient descent. The FIS is well trained utilizing the 

neural network, with a minimum RMSE at 100 epochs. The FIS is generated using the grid 

partitioning technique, which consists of six trapezoidal membership functions. Table 2 

summarizes the training parameters. 

Table 2.  ANFIS training 

Training Parameters Specific Details 
Number of inputs  2 

Number of outputs 1 

Generate FIS Grid partitioning 

Number of Membership Functions 6 

Membership Function Type Trapezoidal 

Number of Fuzzy Rules 9 

Optimization method Hybrid method 



1730 
International Journal of Robotics and Control Systems 

ISSN 2775-2658 
Vol. 5, No. 3, 2025, pp. 1719-1742 

 

 

Toufik Roubache (Enhanced Fault Tolerant Control for Double Fed Asynchronous Motor Drives in Electric Vehicles) 

 

The advents of this method involve rapid tracking speed and high tracking accuracy. 

 

Fig. 5. Training error 

 

 

Fig. 6. ANFIS network model (left plot) and ANFIS-FTC method (right plot) 

5. Simulation Results 

To evaluate the effectiveness of ANFIS-FTC strategy, the closed-loop system has been 

simulated, and a fault occurs at t=15s. Various scenarios are presented as variations in rotor speed 

under both control strategies. All nominal parameters are utilized in the different simulations are 

listed in Table 5 (see Appendix). In these tests, the motor operates under various traction and 

deceleration conditions in terms of speed profiles.  
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(a) 

 
(b) 

Fig. 7. The input membership functions: (a) e and (b) Δe 

5.1. Performances Test of Conventional FTC 

Fig. 8, Fig. 9, Fig. 10 present the obtained results from the conventional FTC algorithm under 

varying reference speeds and faulty conditions. 
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Fig. 8. Reference, the real, estimated, and emulated speeds, along with the stator currents (upper plot) with 

utilizing conventional FTC and zoomed-in view of the fault occurrence at t=15s (lower plot) 

 

 

Fig. 9. Reference, the real, and estimated rotor flux (left plot), utilizing conventional FTC and zoomed-in 

view of the fault occurrence at t=15s (right plot) 
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Fig. 10. Reference and emulated torque (left plot), along with the linear speed of EV (right plot), using 

conventional FTC 

Fig. 8, Fig. 9, Fig. 10 show the speed, waveforms of the phase currents, rotor flux, and torque 

with EV linear speed from healthy to fault‐tolerant operations using the conventional FTC. We can 

see a slight fluctuations when fault occurs at t=15, it soon becomes stable and gradually approaches 

the reference value. 

5.2. Performances Test of ANFIS-FTC 

In this case, we have tested the performance of the suggested scheme, which is based on the 

ANFIS strategy, under the same conditions mentioned in the previous control. Fig. 11, Fig. 12, Fig. 

13 illustrate the simulation results of the proposed scheme. As can be seen from these Figures, the 

estimated fault can be quickly and accurately identified. These results demonstrate the high 

accuracy of this method in estimating faults. It shows better robustness against faults, requires less 

recovery time and provides better response. 

As evidenced in the obtained results, the proposed algorithm performs effectively under the 

test conditions, and they indicate that the performance of ANFIS-FTC in faulty conditions presents 

a significant advantage over conventional FTC. This advantage reduces the impact of faults, 

enhances performance machine, and ultimately leads to improved efficiency. 

In these figures, it is evident that the speeds, flux, stator currents, and torques align with their 

respective references for both control systems. Consequently, the conventional FTC demonstrates 

slight fluctuations when faults are introduced. However, it takes more recovery time compared to 

the ANFIS-FTC. 
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Fig. 11. Reference, the real, estimated, and emulated speeds, along with the stator currents (upper plot) 

Utilizing ANFIS-FTC and zoomed-in view of the fault occurrence time (lower plot) 
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Fig. 12. Reference, the real, and estimated rotor flux (left plot), utilizing ANFIS-FTC and zoomed-in view of 

the fault occurrence time (right plot) 

 

 

Fig. 13. Reference and emulated torque (left plot), along with the linear speed of EV (right plot), using 

ANFIS-FTC 
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5.3. Comparative Study Between ANFIS-FTC and FTC 

To highlight the performance of the suggested solution concerning overshoot, fault estimation 

time, and accuracy, we have focused on comparing the performance of these two control methods. 

To illustrate a quantitative comparison, the RMSE, IAE, and ISE are calculated and recorded in 

Table 3. 

Table 3.  Performances analysis of FTC and ANFIS-FTC 

Performances FTC ANFIS-FTC Improvements % 
RMSE  0.0737 0.0049 93.35 

IAE  0.0400 0.0016 96 

ISE 0.0551 0.0012 97.82 

 

Table 4 summarizes the performance metrics of the ANFIS-FTC controller with various 

controllers available in the literature. 

Table 4.  Qualitative comparison between the suggested method and recent control strategies 

Control Scheme Fault Tolerance Response (sec) Accuracy Overshoot % 

Suggested method 0.05 s high 0.02244 

LPV/H∞-FTC [21] 0.07 s high 0.02808 

AFs-FTC [23] 0.1 s medium 0.09782 

DB-DTFC [25] 0.05 s high 0.05360 

AFTC [36] 0.1 s medium 0.06125 

AANFIS [39] 0.05 s high 0.02 

Fuzzy-FTC [44] 0.2 s high 0 

 

As shown in Table 4, the suggested controller significantly outperforms the traditional FTCs 

based on the comparison criteria, particularly in terms of performance measures related to fault 

tolerance response. 

6. Conclusion 

This research paper suggested an intelligent FTC based on a neuro-fuzzy approach for a 

double fed asynchronous motor performance enhancement. This technique is built on the 

Lunenberger observer and ANFIS models. The proposed control is designed by combining the LO 

and ANFIS outputs, that the outcome of ANFIS is FTC of DFAM drive. The ANFIS-FTC method 

has been compared with the conventional FTC for EV application. The obtained results proved that 

the FTC-based ANFIS setup performed well, demonstrating stable output and an improved 

response to faults. The performance metrics returned an acceptable value, with a root mean square 

error of 0.0049. 

The superiority of the proposed approach for fault estimation time, overshoot, and accuracy is 

shown in simulation results. The inclusion of a neuro-fuzzy system into a closed-loop system 

automates the fault estimation process, reduces the risk of serious failures, and enhances EV 

operation efficiency. In conclusion, the results of this study offer significant insights for researchers 

and engineers aiming to improve the performance of FTCs strategies.  

 

Author Contribution: All authors contributed equally to the main contributor to this paper. All authors read 

and approved the final paper. 

Funding: This research received no external funding. 

Conflicts of Interest: The authors declare no conflict of interest. 

 



ISSN 2775-2658 
International Journal of Robotics and Control Systems 

1737 
Vol. 5, No. 3, 2025, pp. 1719-1742 

  

 

Toufik Roubache (Enhanced Fault Tolerant Control for Double Fed Asynchronous Motor Drives in Electric Vehicles) 

 

Appendix  

Table 5.  DFAM nominal parameters 

Element Value 
Nominal power (KW) 1.5 

Rr (Ω)  3.805 

Rs (Ω) 4.85 

Lr /Ls (H) 0.274 

Lm (H) 0.258 

Jm (kg.m2) 0.031 
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