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Abstract

:

To solve the problems with the existing active fault-tolerant control system, which does not consider the cooperative control of the drive system and steering system or accurately relies on the vehicle model when one or more motors fail, a multi-input and multi-output model-free adaptive active fault-tolerant control method for four-wheel independently driven electric vehicles is proposed. The method, which only uses the input/output data of the vehicle in the control system design, is based on a new dynamic linearization technique with a pseudo-partial derivative, aimed at solving the complex and nonlinear issues of the vehicle model. The desired control objectives can be achieved by the coordinated adaptive fault-tolerant control of the drive and steering systems under different failure conditions of the drive system. The error convergence and input-output boundedness of the control system are proven by means of stability analysis. Finally, simulations and further experiments are carried out to validate the effectiveness and real-time response of the fault-tolerant system in different driving scenarios. The results demonstrate that our proposed approach can maintain the longitudinal speed error (within 3%) and lateral stability, thereby improving the safety of the vehicles.
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1. Introduction


The four-wheel independently driven (4WID) electric vehicle is regarded as a promising vehicle architecture owing to its potential in the reduction of emissions and fuel consumption. It utilizes four in-wheel (or hub) motors to drive the four wheels and the torque as well as the driving/braking of each wheel can be controlled independently. Such a design, which avoids actuator redundancy, enables optimal vehicle allocation. However, compared to conventional vehicle architecture, it increases the failure rate because of its system complexity and high number of actuators, which will probably lead to a disastrous traffic accident when one or more motors fail. Therefore, the demands on reliability, safety and fault tolerance for 4WID electric vehicles are substantially elevated. This paper considers the redundant configuration of the drive and steering systems of 4WID electric vehicles. Following failure of the drive system, this approach uses the coordinated control of the drive and steering systems to maintain vehicle safety, while enhancing the longitudinal and lateral tracking abilities under different failure conditions.



Fault-tolerant technology was first developed in the aerospace field and numerous control methods have been used, including linear quadratic control [1,2], sliding mode control [3,4], control distribution [5] and machine learning [6,7]. In the area of fault-tolerant vehicle control, recent research studies have shown that the fault-tolerant control on the electric drive systems focuses mainly on the diagnosis of motor faults and failure of the motor [8]; however, these studies have not paid sufficient attention to the fault-tolerant control methods of electric vehicles.



Certain researchers have proposed simultaneously turning off the failed motor and opposite side motor of the 4WID electric vehicle [9,10], so that in the case of a single wheel failure or coaxial two-motor failure, it can still provide a partial driving force and maintain vehicle stability. This method is easy to implement but does not carry out real-time distribution of the vehicle wheel torque according to the real-time vehicle state, thereby reducing the longitudinal drive capability of the vehicle. Nakano researched the front and rear wheel independent drive system with a redundant structure. After the motor fails, the front/rear wheel of the faulty motor becomes a freewheel and only the normal rear/front wheel drives the entire vehicle [11] but the method does not fully utilize the four-wheel independent drive of the electric vehicle. The research team led by Wang from the Ohio State University studied the fault diagnosis of such a redundant actuator configuration system for 4WID electric vehicles [12]. Moreover, Wang proposed a method that uses adaptive fault-tolerant control and active fault diagnosis for the fault-tolerant control of the 4WID electric vehicle drive system, in order to isolate and evaluate faults accurately [13]. This method does not consider the impact of uncertainty on the system and thus requires the establishment of complex vehicle dynamic models.



The method of adaptive fault-tolerant control has been increasingly applied, as it does not require fault diagnosis. Li and other researchers from the Beijing Jiaotong University proposed the adaptive fault-tolerant tracking method for 4WID electric vehicles in the presence of uncertain vehicle dynamics and actuator failure [14] but this method does not consider the coordinated control of the drive and steering systems when the actuator fails.



The model-free adaptive control method was proposed by Hou in 1994 and was based on a new dynamic linearization technique with a novel concept known as pseudo-partial derivation for a class of general multiple-input and multiple-output (MIMO) nonlinear discrete-time systems [15,16,17]. The main feature of this approach is that the controller design depends only on the measured input/output (I/O) data of the controlled plant. In recent years, methods using model-free adaptive control have been widely adopted, such as chemical processes [18,19] and injection molding control [20]; however, there has been almost no application in fault-tolerant control.



According to the above, it is clear that most research on fault-tolerant control systems now relies on the system model and does not consider the cooperation of fault-tolerant control of the multi-actuators under different failure conditions of the drive system. Thus, it is important to establish a method that does not rely on the vehicle system model and simply relies on the system I/O data for active fault-tolerant control for failure of 4WID electric vehicle drive systems.



In this paper, based on the multi-input multi-output model-free adaptive control (MIMO-MFAC) method proposed by Hou [15], an active fault-tolerant control method for 4WID electric vehicles is proposed. The proposed method offers two advantages, as follows. (1) The MIMO-MFA active fault-tolerant control method can realize cooperative fault-tolerant control of the drive and steering systems under different failure conditions of 4WID electric vehicles, avoiding the limit condition and using only a single actuator, such as the drive system or steering system, for fault-tolerant control, making it extremely easy to exceed the workload. This results in failure to complete fault-tolerant control successfully; (2) The control system design does not rely on an accurate system model; it only uses the I/O data to solve the complex, nonlinear and uncertain effects of the vehicle system. Furthermore, this method does not rely on accurate fault diagnosis information.



The remainder of this paper is organized as follows. The MIMO-MFA active fault-tolerant control architecture and method are presented in Section 2. The error convergence and input-output boundedness of the control system are proven in Section 3. Simulations based on an SUV vehicle model by means of CarSim-Simulink and experiments based on the driving simulator are presented in Section 4, followed by the conclusion in Section 5.




2. Design of Active Fault-Tolerant Control System


2.1. Architecture of MIMO-MFA Active Fault-Tolerant Control System Design


In this paper, a MIMO-MFA active fault-tolerant control method is presented after the failure of a distributed electric drive vehicle system. Cooperative control of the drive and steering systems is used to ensure that the vehicle maintains the desired speed and does not deviate from the established path. The active fault-tolerant control framework of the 4WID electric vehicle is illustrated in Figure 1. It is composed of the driver expectation model, MIMO-MFAC controller and controller plant.



In the above, ω(.)*(k+1) is the expected wheel speed, ωr*(k+1) is the expected yaw rate, T(.)(k) is the motor torque of the four wheels, δf(k) is the front wheel angle, u(k) is the system input, y(k) is the system output, Φc(k) is the pseudo-Jacobian matrix, ωr(k) is the actual yaw rate and ω(.)(k) is the actual wheel speed.



In the framework of the driven desired model for tracking and controlling by means of the preview PID, according to the desired path and vehicle speed, the algorithm converts the target trajectory into the desired front wheel angles as the control parameter input. The architecture of the path-tracking controller is presented in Figure 2.



In the above, Δy(k) is the lateral position deviation, Δψ(k) is the heading angle deviation, δf(k) is the front wheel angle, x(k) is the rear axis center longitudinal coordinate, y(k) is the rear-axis center lateral coordinate and ψ(k) is the heading angle.



Then, it obtains the desired yaw rate according to the vehicle two-degrees-of-freedom differential Equations (1) and (2). As the driver expectation model is not the focus of this paper, we do not provide a detailed introduction here.


(k1+k2)β+1u(ak1−bk2)ωr−k1δf=m(v.+uωr)



(1)






(ak1−bk2)β+1u(a2k1+b2k2)ωr−ak1δf=Izωr.



(2)




where m is the vehicle mass, a is the front axle distance to the COG, b is the rear axle distance to the COG, k1 is the front wheel total lateral stiffness, k2 is the rear wheel total lateral stiffness, β is the centroid side angle, δf is the front wheel angle, u is the centroid longitudinal speed, v is the centroid lateral speed and Iz is the vehicle moment of inertia around the Z-axis.




2.2. MFA Fault-Tolerant Control System Scheme


The proposed method of the MIMO-MFA active fault-tolerant control system does not rely on accurate vehicle model information and only utilizes MIMO system information, which avoids the characteristics of complex vehicle models, such as nonlinearity and strong coupling, that may cause problems in the control system design. With reference to the longitudinal, lateral and yaw dynamic models of the vehicle system, combined with the steering and wheel dynamics model, we determine the input and output of the control system. The system inputs u are Tfl, Tfr, Trl, Trr; the system outputs y are ωfl, ωfr, ωrl, ωrr, ωr.



In order to design the MIMO-MFAC active fault tolerant controller, the following MIMO nonlinear discrete-time system is considered:


y(k+1)=f(y(k)…y(k−ny),u(k)…u(k−nu)),



(3)




where u(k)∈R5 and y(k)∈R5 are the system inputs and outputs of time k. Moreover, ny and nu are the unknown orders, while f(…)=(f1(…)…f5(…))T∈∏ny+nu+2R5↦R5 is a nonlinear vector-valued function.



The nonlinear system (3) is based on the following assumptions.



Assumption 1: The partial derivatives of fi(…)i=1,…,m with respect to the control input u(k) are continuous.



Assumption 2: System (3) is a generalized Lipschitz system; that is, for each k1≠k2, k1,k2≥0 and u(k1)≠u(k2) have


Δy(k+1)=Φc(k)Δu(k),



(4)




where b>0 is a constant.



For the MIMO nonlinear system (3), satisfying assumptions 1 and 2 with u(k)≠0 for each fixed k, there must be a Φc(k), known as the PPD matrix, such that (3) can be transformed into the following equivalent data model:


Δy(k+1)=Φc(k)Δu(k),



(5)




where


Φc(k)=[Φ11(k)Φ12(k)Φ13(k)Φ14(k)Φ15(k)Φ21(k)Φ22(k)Φ23(k)Φ24(k)Φ25(k)Φ31(k)Φ32(k)Φ33(k)Φ34(k)Φ35(k)Φ41(k)Φ42(k)Φ43(k)Φ44(k)Φ45(k)Φ51(k)Φ52(k)Φ53(k)Φ54(k)Φ55(k)].











Based on the algorithm design, the following is the MIMO-MFA active fault-tolerant control scheme for discrete-time MIMO nonlinear systems.


Φ^c(k)=Φ^c(k−1)+η(Δy(k)−Φ^c(k−1)Δu(k−1))ΔuT(k−1)μ+‖Δu(k−1)‖2



(6)






u(k)=u(k−1)+ρΦ^cT(k)(y*(k+1)−y(k))λ+‖Φ^c(k)‖2,



(7)




where η∈(0,2] is a step-sized constant, μ>0 is a weighting factor added to penalize the excessive changes in Φ^c(k), λ>0 is a penalty factor added to penalize the excessive changes in input and ρ∈(0,1] is a step-sized constant, which is added to make Equation (7) general and will be used in the stability proof later. Furthermore, y*(k+1) is the desired output signal, determined by the system and y(k) is the output of the time k.



When the 4WID electric vehicle drive system fails, the MIMO-MFA active fault tolerant controller corrects the vehicle attitude in terms of the following aspects. Firstly, based on the multi-input data wheel drive torque T(.)(k−1),T(.)(k−2) and front wheel angle δf(k−1),δf(k−2) and multi-output data of the actual wheel angular velocity ω(.)(k),ω(.)(k−1) and actual yaw rate ωr(k),ωr(k−1), our model estimates the pseudo-Jacobian matrix Φ^c(k) by using Equation (6). Then, according to the desired wheel angular velocity ω(.)*(k+1), desired yaw rate ωr*(k+1), actual wheel angular velocity ω(.)(k) and actual yaw rate ωr(k), we can obtain the error of the wheel angular velocity ω(.)*(k+1)−ω(.)(k) and error of the yaw rate ωr*(k+1)−ωr(k).



Finally, combined with Φ^c(k), estimated from the above calculation, the wheel drive torque and front wheel angle for correcting the vehicle attitude are obtained by Equation (7). During the running of the vehicle, the above steps are circulated continually to correct the vehicle posture and ensure that the vehicle maintains the desired value, resulting in improved vehicle safety levels.





3. Proof of Stability


In order to prove the system stability of the active fault-tolerant control, it is necessary to calculate the tracking error convergence as well as bounded-input bounded-output.



3.1. Tracking Error Convergence Proof


The system output error is defined as:


e(k)=y*−y(k).



(8)







When substituting Equations (6) and (7) into (8), we obtain:


e(k+1)=e(k)−Φc(k)Δu(k)=[I−ρΦc(k)Φ^cT(k)λ+‖Φ^c(k)‖2]e(k).



(9)







Based on the conclusion of the matrix spectral radius, there exists an arbitrarily small positive number ε1, such that:


‖I−ρΦc(k)Φ^cT(k)λ+‖Φ^c(k)‖2‖v<s(I−ρΦc(k)Φ^cT(k)λ+‖Φ^c(k)‖2)+ε1≤1−ρM1+ε1<1,



(10)




where ‖A‖v is the compatible norm of the matrix A. Letting d2=1−ρM1+ε1 and taking the norm on both sides of the formula, we obtain:


‖e(k+1)‖v≤[I−ρΦc(k)Φ^cT(k)λ+‖Φ^c(k)‖2]v‖e(k)‖v≤d2‖e(k)‖v≤…≤d2k‖e(1)‖v.



(11)







Through the above calculation, the system tracking error sequence convergence is proven.




3.2. Bounded-Input Bounded-Output Proof


As y* is a given constant vector and e(k) is bounded, we can obtain the boundedness of the output y(k) and because Φ^c(k) is bounded, we can always identify a positive number to make the following formula valid.


‖I−ρΦc(k)Φ^cT(k)λ+‖Φ^c(k)‖2‖v≤M2



(12)







Using Equations (7), (11) and (12), we obtain:


‖u(k)‖v≤‖u(k)−u(k−1)‖v+‖u(k−1)‖v≤‖u(k)−u(k−1)‖v+‖u(k−1)−u(k−2)‖v+‖u(k−2)‖v≤‖Δu(k)‖v+‖Δu(k−1)‖v+…+‖Δu(1)‖v+‖u(0)‖v≤M2(‖e(k)‖+‖e(k−1)‖+…+‖e(2)‖+‖e(1)‖)+‖u(0)‖v≤M2(d2k−1‖e(1)‖+d2k−2‖e(1)‖+…+d2‖e(1)‖+‖e(1)‖)+‖u(0)‖v≤M211−d2‖e(1)‖+‖u(0)‖v



(13)







Therefore, the system bounded-input bounded-output is proven and the closed-loop system is bounded-input bounded-output stable.





4. Simulation and Experiment


The proposed MIMO-MFA active fault-tolerant control method is validated by means of joint simulation of MATLAB/Simulink and CarSim and an SUV vehicle model of CarSim is selected for the simulation verification. The main parameters are displayed in Table 1. Moreover, the real-time algorithm performance is verified by a driving simulator experiment in typical working conditions. The simulation and experimental verification prove the effectiveness and real-time performance of the algorithm.



4.1. Simulation Verification


The failure modes of the 4WID electric vehicle system can be categorized as single wheel failure, opposite side double wheel failure, same side double wheel failure and multiple wheel failure. It is well known that if same side motor failure and multiple motor failures occur as the ultimate failure conditions for 4WID electric vehicles, we must take necessary precautions to brake the vehicles. This paper proposes the MIMO-MFAC active fault-tolerance method for the single wheel failure and opposite side-wheel failure conditions. All of the failure conditions of the drive system of 4WID electric vehicles are simulated and verified and the simulation time step is 0.01 s. When the drive system fails, the proposed method only utilizes the I/O data of the vehicle and uses a new dynamic linearization technique with a pseudo-partial derivative to correct the vehicle posture and to ensure that the vehicle maintains the desired values, thereby resulting in improved safety levels of the vehicles. Thus, the desired control objectives can be achieved by the coordinated adaptive fault-tolerant control of the drive and steering systems under all of the conditions illustrated below. Table 2, Table 3 and Table 4 display the maximum speed deviation, yaw rate and lateral position deviation, respectively, with or without control, under different working conditions. The results indicate that the proposed active fault-tolerant control method can ensure and improve vehicle safety, as well as enhance the longitudinal and lateral tracking ability under different failure conditions through cooperative fault-tolerant control of the drive and steering systems.



The simulation verification analysis of the active fault-tolerant control method under the typical condition, as displayed in Table 5, will be described in detail below.



Condition F1: The vehicle is traveling at a constant speed and the expected speed is 72 km/h. At the 8th second, left front motor failure occurs.



The vehicle is traveling at a constant speed of 72 km/h in a straight-line condition and the left front motor fails at the 8th second. It is obvious from Figure 3e that the vehicle completely deviates from its trajectory without control, which easily induces traffic accidents. Moreover, under the control of the MIMO-MFA active fault-tolerant control algorithm proposed in this paper, when the left front wheel fails, the steering wheel illustrated in Figure 3b responds immediately. Furthermore, it decreases the normal wheel motor torques at the right front and rear and increases the normal wheel motor torques of the left rear, as illustrated in Figure 3a. Therefore, it ensures vehicle safety after the drive system fails and maintains the expected speed, as indicated in Figure 3c, so it does not deviate from the expected trajectory illustrated in Figure 3e.



We can also observe from Figure 3a,b that, during the entire fault-tolerant process, the adjustment ratio of the steering wheel angle is decreased with the drive system adjustment, thereby achieving the coordinated fault-tolerant result of the two systems. This provides an easy method for avoiding the overloading problem caused by using only the single actuator for fault tolerance after failure of the drive system and improving the vehicle safety. Table 6 below displays the vehicle speed and yaw rate and the later position deviation in the controlled and uncontrolled conditions after failure occurs.



Therefore, it can be concluded that the algorithm achieves the proposed active fault-tolerant result; moreover, this method can control the vehicle deviation within 10 cm and speed error within 3%.



Condition F2: The vehicle is traveling at a constant speed and the expected speed is 72 km/h. At the 8th second, left front and right front motor failure occur at the same time.



Without control, it is obvious from Figure 4c that the vehicle speed is reduced immediately when the motor fails but under the algorithm proposed in the paper, we can observe from Figure 4a that the controller increases the normal left rear and right rear motor torque to compensate for the lost motor torque of the left front and right front wheels. Therefore, it maintains the desired vehicle speed of 72 km/h, as the left front and right front wheels fail at the same time and the 4WID electric vehicle failure mode is the opposite side double-wheel failure. As illustrated in Figure 4b,d, no additional steering wheel angle and yaw rate are generated in the lateral direction. From the above analysis, the effectiveness of the designed controller designed is verified. The controller ensures that the vehicle can maintain the desired speed after failure of the drive system and will not allow deviation from the established path. Table 7 displays the vehicle speed, yaw rate and later position deviation with control or without control after failure occurs.



Condition F3: The vehicle is turning at a constant speed and the expected speed is 72 km/h. At the time of the 0th second, left front wheel failure occurs.



The vehicle turns at a constant speed of 72 km/h, as indicated in Figure 5c. At the 0th second, left front motor failure occurs. Without control, as indicated in Figure 5e, it is clear that the vehicle exhibits an obvious deviation; thus, it is likely to induce traffic accidents. When the left front wheel fails under the control of the proposed algorithm, the steering wheel responds immediately, as illustrated in Figure 5b. At the same time, as indicated in Figure 5a, the right front and right rear motor torques are reduced, while the left rear wheel motor torque is increased. Therefore, it is ensured that the vehicle safety can be improved and the desired vehicle speed can be maintained, as illustrated in Figure 5c and it does not deviate from the desired trajectory, as depicted in Figure 5d,e.



We can also observe from Figure 5a,b that, during the entire active fault-tolerant control process, with the addition of the wheel torque adjustment, the steering angle adjustment ratio is continuously reduced, thereby achieving cooperative fault-tolerant control of the drive and steering systems. This method can easily avoid the overload phenomenon caused by the single actuator after actuator failure and improve vehicle safety. Table 8 displays the vehicle speed, yaw rate and later position deviation with control or without control after failure of the drive system. We can conclude that the algorithm achieves the proposed active fault-tolerant results and the method can maintain the longitudinal speed error within 3% and lateral stability, thus improving the vehicle safety.




4.2. Experimental Verification


In order to verify the real-time algorithm performance, we used the driving simulator platform illustrated in Figure 6; five screens were positioned around the simulator vehicle, with three screens displaying the front traffic scenes and two displaying the back view. The CarSim software was embedded in the driving simulator to reflect the real vehicle movement features. In order to simulate real driving situations, the vehicle was supported by numerous hydraulic cylinders to achieve pitch, roll and yaw motions. For comparison with the simulation results, the vehicle model in CarSim was selected to be the same as in the simulation and the experimental testing conditions were designed almost the same as those in the simulation, as indicated in Table 9.



Experimental testing condition E1: The condition for a straight uniform speed is selected and the desired speed is set to 72 km/h, with single left front motor failure at the 0th second, as in the simulation. In this manner, we can conclude that, through the cooperative control of the drive system in Figure 7a and steering system in Figure 7b, the vehicles can maintain the expected speed, as indicated in Figure 7c, as well as the lateral ability, as illustrated in Figure 7d,e. Table 10 displays the vehicle speed, yaw rate and later position deviation with control or without control after failure of the drive system. It is demonstrated that the experimental verification results are similar to the simulation results. Moreover, in the driving simulator verification experiment, the system control period is less than 50 ms, so the verification of the control algorithm exhibits satisfactory real-time performance.



Experimental testing condition E2: The condition of straight uniform speed is selected; the desired speed is set to 72 km/h and drive motor failure at the opposite side is selected so that the left front motor and right front motor become completely ineffective at the 0th seconds. In this manner, we can conclude that, through the cooperative control of the drive system in Figure 8a and steering system in Figure 8b, the vehicle can maintain the expected speed, as indicated in Figure 8c, as well as the lateral ability, as illustrated in Figure 8d. Table 11 displaces the vehicle speed, yaw rate and later position deviation with control or without control after failure of the drive system. It is demonstrated that the experimental verification results are similar to the simulation results. Furthermore, in the driving simulator verification experiment, the system control period is less than 50 ms, so the verification of the control algorithm exhibits satisfactory real-time performance.



Experimental testing condition E3: The condition of a uniform turning speed is selected, the desired speed is set to 72 km/h and the single left front motor is selected to fail at the 0th second. When motor failure occurs at the 0th second, the remaining motor torque instantly increases and through the cooperative control of the drive system in Figure 9a and steering system in Figure 9b, the vehicles can maintain the expected speed, as indicated in Figure 9c, as well as the lateral ability, as illustrated in Figure 9d,e. Table 12 displaces the vehicle speed, yaw rate and later position deviation with control or without control after failure of the drive system. It is demonstrated that the experimental verification results are similar to the simulation results. Moreover, in the driving simulator verification experiment, the system control period is less than 50 ms, so the verification of the control algorithm exhibits satisfactory real-time performance.





5. Conclusions


In view of the failure of the 4WID electric vehicle drive system, this paper has proposed the MIMO-MFA active fault-tolerant control method, which does not rely on a system model and only uses system I/O data. Through the cooperative fault-tolerant control of the drive and steering system, vehicle safety of is guaranteed. In summary, the following conclusions can be drawn.

	
The proposed method of MIMO-MFA active fault-tolerant control can realize cooperative fault-tolerant control of the drive and steering systems under different failure conditions of 4WID vehicles, as well as improve vehicle safety. Moreover, it avoids using only a single actuator, such as the drive system or steering system, for fault-tolerant control under the limit condition, making it extremely easy for the motor to exceed the workload, thereby causing failure to complete fault-tolerant control successfully. Therefore, compared to the traditional fault-tolerant control method, the proposed method will make the entire control system more reasonable.



	
The control system design does not rely on an accurate system model; it only uses the system I/O data to solve the complex, nonlinear and uncertain effects of the vehicle system. Moreover, this method does not rely on the information of accurate fault diagnosis.








Furthermore, in the future, real-vehicle experiments will be carried out using the proposed control scheme.
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Figure 1. Architecture of MIMO-MFA active fault-tolerant control method. 
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Figure 2. Architecture of path tracking controller. 






Figure 2. Architecture of path tracking controller.
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Figure 3. Simulation comparison with/without control under F1 condition. 
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Figure 4. Simulation comparison with/without control under F2 condition. 
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Figure 5. Simulation comparison with/without control under F3 condition. 
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Figure 6. Driving simulator platform. 
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Figure 7. Experimental comparison with/without control under E1 condition. 
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Figure 8. Experimental comparison with/without control under E2 condition. 
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Figure 9. Experimental comparison with/without control under E3 condition. 
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Table 1. Main parameters of vehicle.






Table 1. Main parameters of vehicle.





	Parameter
	Symbol
	Value





	Sprung mass (kg)
	m
	2257



	Front axle distance to COG (m)
	a
	1.33



	Rear axle distance to COG (m)
	b
	1.616



	Tire radius (m)
	d
	0.7902



	Front wheel total lateral stiffness (N/deg)
	k1
	−1317.81



	Rear wheel total lateral stiffness (N/deg)
	k2
	−1317.81
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Table 2. Maximum speed deviation with or without control (km/h).






Table 2. Maximum speed deviation with or without control (km/h).





	
Driving Condition

	
Failure Condition

	
Without Control

	
With Control






	
Uniform linear motion

	
Single wheel

	
2.75

	
1.2019




	
Opposite side wheel

	
5.3794

	
2.121




	
Uniform steering motion

	
Single wheel

	
11.6823

	
1.811




	
Opposite side wheel

	
12.5443

	
2.5822
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Table 3. Maximum yaw rate deviation with or without control (rad/s).






Table 3. Maximum yaw rate deviation with or without control (rad/s).





	
Driving Condition

	
Failure Condition

	
Without Control

	
With Control






	
Uniform linear motion

	
Single wheel

	
0.224

	
0.002




	
Opposite side wheel

	
0.0013

	
0.0012




	
Uniform steering motion

	
Single wheel

	
0.3582

	
0.0444




	
Opposite side wheel

	
0.0835

	
0.0625











[image: Table]





Table 4. Maximum deviation of lateral with or without control (m).






Table 4. Maximum deviation of lateral with or without control (m).





	
Driving Condition

	
Failure Condition

	
Without Control

	
With Control






	
Uniform linear motion

	
Single wheel

	
15.5312

	
0.0964




	
Opposite side wheel

	
0.0634

	
0.05




	
Uniform steering motion

	
Single wheel

	
27.9077

	
0.58




	
Opposite side wheel

	
0.158

	
0.125
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Table 5. Special condition of simulation verification.






Table 5. Special condition of simulation verification.





	Condition
	Driving Condition
	Failure Condition





	F1
	Uniform linear motion 72 km/h
	Left front wheel failure



	F2
	Uniform linear motion 72 km/h
	Left front and right front wheel failure



	F3
	Uniform steering motion 72 km/h
	Left front wheel failure
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Table 6. Statistical control effect under F1 condition.
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	Item
	Without Control
	With Control





	Maximum yaw rate deviation (rad/s)
	0.224
	0.002



	Maximum speed deviation of speed (km/h)
	2.75
	1.2019



	Maximum lateral deviation/(m)
	15.5312
	0.0964
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Table 7. Statistical control effect under F2 condition.
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	Item
	Without Control
	With Control





	Maximum speed deviation (km/h)
	5.3794
	2.121



	Maximum yaw rate deviation (rad/s)
	0.0013
	0.0012
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Table 8. Statistical control effect under F3 condition.






Table 8. Statistical control effect under F3 condition.





	Item
	Without Control
	With Control





	Maximum yaw rate deviation (rad/s)
	0.3582
	0.0444



	Maximum speed deviation (km/h)
	11.6823
	1.811



	Maximum lateral deviation /(m)
	27.9077
	0.58
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Table 9. Special conditions of experimental verification.






Table 9. Special conditions of experimental verification.





	Condition
	Driving Condition
	Failure Condition





	E1
	Uniform linear motion 72 km/h
	Left front wheel failure



	E2
	Uniform linear motion 72 km/h
	Both left and right wheel failure



	E3
	Uniform steering motion 72 km/h
	Left front wheel failure
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Table 10. Statistical control effect under E1 condition.






Table 10. Statistical control effect under E1 condition.





	Item
	Without Control
	With Control





	Maximum yaw rate deviation (rad/s)
	0.224
	0.003



	Maximum speed deviation (km/h)
	2.75
	1.1422



	Maximum lateral deviation /(m)
	15.5312
	0.0548
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Table 11. Statistical control effect under E2 condition.






Table 11. Statistical control effect under E2 condition.





	Item
	Without Control
	With Control





	Maximum yaw rate deviation (rad/s)
	0
	0



	Maximum speed deviation (km/h)
	5.3688
	2.5787



	Maximum lateral deviation /(m)
	0
	0.08
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Table 12. Statistical control effect under E3 condition.






Table 12. Statistical control effect under E3 condition.





	Item
	Without Control
	With Control





	Maximum yaw rate deviation (rad/s)
	0.3582
	0.1895



	Maximum speed deviation (km/h)
	11.6823
	3.5738



	Maximum lateral deviation /(m)
	27.9077
	0.52
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