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Abstract 
For electrically actuated steer-by-wire (SbW) systems, fault-tolerant control (FTC) that can handle complete failure 

is essential for ensuring vehicle safety. Herein, a domain-coordinated FTC strategy based on adaptive yaw-

moment distribution is proposed for over-actuated electric vehicles under complete SbW conditions. Unlike 

conventional SbW-FTC strategies, the proposed strategy improves tracking performance by incorporating the 

influence of failed actuator dynamics into the control strategy. An integrated state-space model is developed to 

capture the coupled dynamics of vehicle lateral motion and fault-induced front-wheel steering. Based on this 

model, the desired yaw moment is adaptively distributed between torque vectoring and rear-wheel steering using 

real-time sensitivity information that reflects both yaw-moment effectiveness and unintended front-wheel 

steering according to the driving condition. Simulation results show that compared with the empirically tuned 

fixed-ratio strategy, the proposed strategy reduces the trajectory-tracking error and yaw-rate tracking error by 6% 

and 7%, respectively, during a lane-change maneuver. It satisfies the acceptance criterion for the degradation 

scenario specified in DIN 70065, a functional safety standard for SbW systems. The FTC system with the proposed 

strategy achieves an average computation time of 0.206 ms in the rapid control prototyping environment, 

demonstrating real-time feasibility for implementation in production-vehicle microcontroller units. 

 

Keywords Adaptive yaw-moment distribution, Domain-coordinated control, Fault tolerant control, Rear wheel 

steering, Steer-by-wire, Torque vectoring 

 

Recent advances in vehicle electrification technology have accelerated the development of in-vehicle hardware 

components, including electronic systems, sensors, and actuators. Although these developments have expanded the 

functionality of vehicle systems, they have also increased the complexity of hardware configurations and introduced 

new constraints in terms of packaging and weight.  

Steer-by-wire (SbW) systems have been proposed as an alternative to address these issues; these systems eliminate 

the mechanical connection between the steering mechanism and the front wheels1. SbW systems offer several 

advantages, including vehicle weight reduction, improved packaging efficiency, and effective isolation of road-

induced vibration and noise. As SbW systems offers these structural advantages and exhibit control flexibility, they 

have attracted considerable attention as a vital steering technology for next-generation vehicle systems, including 

autonomous and electric vehicles2. However, similar to other X-by-wire systems, SbW systems rely heavily on 

electronic components and communication networks; this makes them susceptible to faults such as actuator 

degradation or loss of function. To ensure vehicle safety under fault conditions, a fault-tolerant control (FTC) strategy 

that incorporates functional safety must be established3. 

Various approaches have been investigated to ensure the fault tolerance of SbW systems. For example, redundancy 



architectures have been applied to SbW motors and microcontrollers to preserve steering functionality even after 

component faults4. Redundant angle and torque sensors have been similarly employed to improve the reliability of 

steering signals5. In addition, FTC strategies have been proposed to internally compensate for tracking errors arising 

from actuator efficiency degradation and system disturbances under fault conditions6. However, although redundancy-

based approaches may be effective against single-point faults, they have limited ability in handling multiple faults; 

they also increase system complexity and cost. 

Among the proposed FTC strategies, rear-wheel steering (RWS)-based FTC is widely employed to compensate for 

the loss of steering functionality in SbW systems. In particular, compensatory RWS angles are generated under SbW 

fault conditions to preserve path-tracking performance7. Reverse-phase RWS control under these conditions can 

induce unintended front-wheel steering via tire lateral forces, thereby degrading the tracking performance of the FTC 

system. FTC methods that generate yaw moment using longitudinal differential braking control (DBC)8 have also 

been proposed. In these methods, when a large braking force is applied to the inner wheels to generate a yaw moment 

that assists the vehicle to rotate in the desired turning direction9. These DBC strategies have been applied to emergency 

steering scenarios, and their effectiveness in improving path-tracking performance has been verified via simulation10.  

Recent FTC strategies have exploited over-actuated (OA) vehicle systems that can simultaneously control multiple 

actuators11-15. Based on independently operated drive, brake and steering actuators, control reallocation methods that 

distribute driving, braking, and steering commands among healthy actuators have been proposed16. Similarly, 

quadratic programming17 has been employed for control allocation in OA vehicle systems while considering actuator 

constraints, and model predictive control techniques18, which incorporate future vehicle state predictions, have been 

applied to steering-actuator FTC. FTC strategies utilizing multiple actuators offer enhanced vehicle safety and backup 

steering capability compared with conventional RWS or DBC-based methods19. However, under complete SbW 

failure, in which the steering motor produces no output, unintended front-wheel steering can be induced by the actions 

of other actuators in the vehicle system. In particular, unintended steering and vehicle dynamic responses vary 

depending on the control allocation of other actuators, such as wheel driving, braking-force distribution, and RWS 

inputs. Therefore, the OA vehicle platform requires a control strategy that can reflect in real time the effects of the 

yaw moments generated by actuator control allocation and unintended steering on the vehicle states. However, studies 

on FTC strategies that consider unintended steering under SbW faults are limited. In addition, existing FTC studies 

are limited in their ability to account for vehicle and actuator states in real time within the constrained hardware 

environments of production vehicles because of the excessive computational burden imposed by algorithmic 

complexity. To address these limitations, an adaptive yaw-moment distribution (AYD)-based domain-coordinated 

control (DCC) strategy for OA electric vehicle systems under complete SbW failure. 

The main contributions of this study are summarized as follows: 

1. Establishment of a complete SbW failure model that incorporates external steering torque induced by scrub 

and trail moments, and the development of an integrated vehicle model that couples these torque effects with 

vehicle states and front-wheel steering dynamics. 

2. Development of a sensitivity-based AYD law that accounts for yaw-moment response effectiveness and the 

dynamic effects of unintended steering across varying driving conditions, from transient to steady-state 

steering. 

3. The proposed strategy is verified to satisfy the circle scenario criterion of DIN 70065, a functional safety 

standard for SbW systems, while also demonstrating real-time computational efficiency suitable for 

embedded systems in production vehicles. 

The remainder of this paper is organized as follows. Section 2 introduces the vehicle model used in the FTC system. 

Section 3 presents the overall structure of the proposed FTC system and the controller design. Section 4 covers the 

simulation results and analysis, and Section 5 concludes the paper. 

 

Problem formulation 
A complete SbW failure condition is considered herein, in which the steering-actuator motor generates no torque, 

rather than partial faults such as output reduction or steering-angle locking. Although redundancy-based safety 

measures are incorporated into steering systems to satisfy the functional safety requirements of ISO 2626220, they 

remain insufficient for addressing multiple faults. Accordingly, SbW-FTC strategies that utilize the high degree of 

control freedom offered by multiactuator-based OA vehicle systems have been extensively studied. In OA vehicle 

systems, control allocation regulates vehicle dynamics by adjusting individual wheel torques and RWS angles. 

However, under complete SbW failure, vehicle sideslip induced by control allocation generates lateral forces on the 

front tires, thereby producing unintended front-wheel steering. This unintended steering considerably impacts the  
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Fig. 1 Experimental results of SbW-FTC in OA electric vehicle system. 

 

vehicle dynamic response. Fig. 1 shows the vehicle motion and front-wheel steering responses under different FTC 

strategies in an SbW-equipped experimental vehicle. Fig. 1(a) shows the OA electric experimental vehicle. The DCC 

strategy combines torque vectoring (TV) with RWS, whereas the RWS-based strategy utilizes only the RWS system. 

Fig. 1(b) shows the yaw-rate responses under normal steering and complete failure conditions with FTC. All FTC 

strategies exhibit front-wheel steering responses that differ from those under normal steering conditions. Under the 

RWS strategy, a large front-wheel steering angle is observed in the direction opposite to the intended vehicle turning 

direction (Fig. 1(c)). Fig. 1(d) shows variations in vehicle dynamic responses as a function of the yaw-moment 

distribution allocated to each subsystem within the DCC strategy that integrates TV and RWS. These results indicate 

that vehicle dynamics are sensitive to the actuator control allocation ratio. An FTC system that optimizes control 

allocation among actuators in real time is developed herein. 

 

Vehicle lateral dynamics 

A vehicle lateral dynamics model that represents the SbW system behavior under complete failure conditions is 

presented herein. Yaw moments generated by left–right differences in driving and braking forces induce vehicle yaw 

and sideslip dynamics, whereas RWS variations affect the front-wheel steering dynamics. 

Fig. 2 shows the four-wheel vehicle model used to represent the lateral motion characteristics of the vehicle system21. 

In this model, 𝑣௫  and 𝑣௬  denote the longitudinal and lateral velocities at the vehicle center of gravity (CoG), 

respectively, ߚ denotes the vehicle sideslip angle, and ߮̇ denotes the yaw rate. ߜ௙ and ߜ௥denote the front and rear-

steering angles, respectively; ௙݈ and ݈௥  denote the distances from the CoG to the front and rear axles, respectively; ݐ௙ 

and ݐ௥ are the front and rear track widths, respectively; and ݉ and ܫ௭ denote the vehicle mass and yaw moment of 

inertia, respectively. In addition, ܨ௫,௜ and ܨ௬,௜ (݅ =  ݂݈, ,ݎ݂ ,݈ݎ  denote the longitudinal and lateral tire forces acting (ݎݎ

on each wheel, respectively. The vehicle model parameters are summarized in Table 1. Based on the Newton–Euler 

equations and the small-angle assumption, the lateral force and yaw-moment equilibria are expressed as Eqs. (1) and 



 
Fig. 2 Vehicle lateral dynamics model representing vehicle motion characteristics. 

 

 
Fig. 3 Simplified front steering system model. 

 

Parameter Description Value Parameter Description Value ݉ Vehicle mass 2,392 ݇݃ ݐ௙ Front track width 1.630 ݉ ܫ௭ Yaw moment of inertia 4,740 ݇݃ ∙ ௥ Rear track width 1.636 ݉ ݈௙ݐ 2݉  Distance from CG to front axle 1.516 ݉ ܥ௙ Front tire cornering stiffness 91981 ܰ/݀ܽݎ ݈௥ Distance from CG to rear axle 1.474 ݉ ܥ௥ Rear tire cornering stiffness 79762 ܰ/݀ܽݎ 

Table 1. Specifications of the vehicle model. 

 

(2), respectively, and subsequently rearranged into the sideslip rate and yaw-rate dynamics expressed in Eqs. (3) and 

(4), respectively. ݉𝑣௫(̇ߚ  + ߮̇)  = ௬,௙ܨ   + ௭߮̈ܫ ௬,௥ (1)ܨ   =  ௙݈ܨ௬,௙ − ݈௥ܨ௬,௥ + ௙2ݐ ௫,௙௥ܨ) − (௫,௙௟ܨ + ௥2ݐ ௫,௥௥ܨ) − ߚ̇ ௫,௥௟) (2)ܨ = ௙ܥ)2− + ௥)݉𝑣௫ܥ ߚ + ௥݈௥ܥ)2) − ௙ܥ ௙݈)݉𝑣௫2 − 1) ߮̇ + ௙݉𝑣௫ܥ2 ௙ߜ + ௥݉𝑣௫ܥ2  ௥ (3)ߜ

߮̈ = ௙ܥ)2− ௙݈ − ௭ܫ(௥݈௥ܥ ߚ − ௙ܥ)2 ௙݈2 + ௭𝑣௫ܫ(௥݈௥2ܥ ߮̇ + ௙ܥ2 ௙݈ܫ௭ ௙ߜ − ௭ܫ௥݈௥ܥ2 ௥ߜ + ௭ܫ1 ௙2ݐ) ௫,௙ܨ∆ + ௥2ݐ  ௫,௥) (4)ܨ∆

Fig. 3 shows the front-wheel steering dynamics of the road wheel actuator (RWA) that incorporates the suspension 

geometry characteristics of the SbW system. The scrub radius ݈௬ denotes the lateral distance between the center of the 

tire contact patch and the steering axis, and the mechanical trail ݈௫ is the longitudinal distance between the intersection 

point of the steering axis with the ground and the center of the tire contact patch. As the front wheels rotate about the 

scrub radius, differences between the left and right braking forces can modify the steering direction22. For vehicles 

with a positive scrub radius, the steering axis intersects the ground inboard of the tire contact patch, whereas for 



vehicles with a negative scrub radius, the steering axis intersects outboard. To account for uncertainties in parameters 

such as friction and cornering stiffness, a simplified steering dynamics model is adopted. 

The complete SbW failure condition is modeled by substituting the no-output motor torque condition (Eq. (6)) in 

the steering dynamics (Eq. (5)). Fault injection is implemented by constraining the RWA motor output to zero, such 

that no motor torque is generated in response to the driver’s steering input. where ܬ௦ denotes the steering moment of 

inertia of the front-wheel steering system, ܾ௦ is the steering damping coefficient, and ߜ௙̇ and ߜ௙̈ denote the steering 

angular velocity and angular acceleration, respectively. ܬ௦̈ߜ௙ + ܾ௦ߜ௙̇ = ௠ܶ௢௧௢௥ + ௘ܶ௫௧  (5) ௠ܶ௢௧௢௥ = 0 (6) 

The external torque acting on the SbW system under fault conditions is defined in Eq. (7) as the sum of the scrub 

moment, ௦ܶ௖௥௨௕,௙, and the trail moment, ௧ܶ௥௔௜௟ . The scrub moment ௦ܶ௖௥௨௕,௙ results from the scrub radius and the left–
right difference between the front-wheel longitudinal tire forces ∆ܨ௫,௙ . The trail moment ௧ܶ௥௔௜௟  denotes the self-

aligning moment generated by the total trail acting on the front-wheel lateral tire forces, where ݐ௣,௙  denotes the 

pneumatic trail of the front tire. The left–right longitudinal force difference at each axle is defined in Eq. (8). 

௘ܶ௫௧ = ௦ܶ௖௥௨௕,௙ + ௧ܶ௥௔௜௟ = ݈௬∆ܨ௫,௙ − (݈௫ + ௬,௙௘௤ܨ(௣,௙ݐ ௫,௣ܨ∆ (7)  = ௫,௣௥ܨ − ௫,௣௟ܨ , ݌)  ∈ {݂,  (8) ({ݎ

The equivalent  front lateral force ܨ௬,௙௘௤
 in Eq. (9) is not the actual front tire lateral force, but a control-oriented 

equivalent quantity introduced to represent the unintended steering effect induced by rear-wheel counter-phase 

steering under SbW fault conditions. Here, ܥ௙  and ܥ௥  denote the cornering stiffnesses of the front and rear tires, 

respectively. In Eq. (10), the front tire slip angle ߙ௙ is defined as a function of the steering angle, vehicle sideslip 

angle, yaw rate, and longitudinal velocity. ܨ௬,௙௘௤ ≈ ௙ܥ2 ௙ߜ) − ߚ − ௙݈𝑣௫ ߮̇) − ௙ߙ ௥ (9)ߜ௥ܥ2 ௙ߜ = − ߚ) + ௟೑௩ೣ ߮̇) (10) 

By substituting Eqs. (7)–(10) into the steering-axis dynamics, the unintended front-wheel steering motion in the 

faulted SbW system can be expressed as the second-order differential equation given in Eq. (11). This equation shows 

that the steering response is directly influenced by the scrub moment arising from the front-wheel longitudinal force 

difference and by the trail moment associated with the equivalent front lateral force. Rearranging Eq. (11) yields the 

steering angular acceleration model in Eq. (12), where ̈ߜ௙  is represented as a linear combination of vehicle state 

variables, steering-system damping, front differential longitudinal tire forces, and RWS input. This model elucidates 

the mechanism by which the vehicle longitudinal and lateral dynamics influence the steering behavior under complete 

SbW failure conditions, thereby providing a theoretical foundation for establishing a DCC FTC strategy. ܬ௦̈ߜ௙ + ܾ௦ߜ௙̇ = ݈௬∆ܨ௫,௙ − (݈௫ + (௣,௙ݐ ௙ܥ2] ௙ߜ) − ߚ − ௙݈𝑣௫ ߮̇) −  ௥] (11)ߜ௥ܥ2

௙ߜ̈ = −ܾ௦ܬ௦ ௙̇ߜ − ௙(݈௫ܥ2 + ௦ܬ(௣,௙ݐ ௙ߜ + ௙(݈௫ܥ2 + ௦ܬ(௣,௙ݐ ߚ + ௙ܥ2 ௙݈(݈௫ + ௦𝑣௫ܬ(௣,௙ݐ ߮̇ + ݈௬ܬ௦ ௥(݈௫ܥ௫,௙ +2ܨ∆ + ௦ܬ(௣,௙ݐ  ௥ߜ

(12) 

The desired yaw moment is defined as the sum of its longitudinal and lateral components, as expressed in Eq. (13). 

The longitudinal component, defined in Eq. (14), is generated by the left–right longitudinal force differences at the 

front and rear axles, weighted by the corresponding half track widths. The lateral component, defined in Eq. (15), is 

approximated as the yaw moment induced by RWS based on the linear rear tire cornering response. ܯ௭,ௗ௘௦ = ௭,௟௢௡௚ܯ + ௭,௟௔௧ܯ ௭,௟௢௡௚ܯ (13)  = ௙2ݐ (௫,௙ܨ∆) + ௥2ݐ ௭,௟௔௧ܯ (14) (௫,௥ܨ∆) ≈  ௥ (15)ߜ௥݈௥ܥ2−



The integrated state-space model of the vehicle lateral dynamics and SbW steering dynamics under fault conditions 

is given in Eqs. (16)–(18). Under SbW fault conditions, the front-steering angle becomes a state variable rather than 

a control input and the state vector is defined as ݔ = ,ߚ] ߮̇, ௙̇ߜ ,  defined in Eq. (16), represents ,ܣ ௙]⏉. The state matrixߜ

the coupled dynamics among vehicle sideslip, yaw, and fault-induced front-wheel steering. The input matrix ܤ , 

defined in Eq. (17), maps the system control inputs to the integrated state dynamics. The control-input vector is defined 

as ݑ = ௭,௟௢௡௚ܯ]  ௭,௟௔௧]⏉, where the longitudinal and lateral yaw moments are utilized to compensate for the loss ofܯ

front-wheel steering authority under SbW actuator faults. ݇௟௠,௙ is the front-axle portion of the total longitudinal yaw 

moment, as expressed in Eq. (18). 

ܣ =
[  
   
  − ௙ܥ)2 + ௥)݉𝑣௫ܥ ௥݈௥ܥ)2 − ௙ܥ ௙݈) ݉𝑣௫2 − 1 0 ௙ܥ)௙݉𝑣௫−2ܥ2 ௙݈ − ௭ܫ (௥݈௥ܥ ௙ܥ)2− ௙݈2 + ௭𝑣௫ܫ (௥݈௥2ܥ 0 ௙ܥ2 ௙݈ܫ௭2ܥ௙(݈௫ + ௦ܬ(௣,௙ݐ ௙ܥ2 ௙݈(݈௫ + ௦𝑣௫ܬ(௣,௙ݐ −ܾ௦ܬ௦ ௙(݈௫ܥ2− + ௦0ܬ(௣,௙ݐ 0 1 0 ]  

   
  
 (16) 

ܤ =
[  
   
  0 − 1݉𝑣௫݈௥1ܫ௭ ௙ݐ௦ܬ௭2݇௟௠,௙݈௬ܫ1 − ݈௫ + ௦݈௥0ܬ௣,௙ݐ 0 ]  

   
  
 (17) 

݇௟௠,௙ = ௭,௟௢௡௚ܯ௭,௟௢௡௚௙ܯ , (0 ≤ ݇௟௠,௙ ≤ 1) (18) 

 

FTC system design 
FTC architecture 

The FTC system developed to handle a complete RWA failure in the SbW system is described herein. The SbW-FTC 

system is implemented on an OA electric vehicle system with a tri-motor electric all-wheel-drive (e-AWD) 

configuration, four electromechanical brake (EMB) actuators, and an RWS system. The FTC control architecture 

comprises four modules: supervisory-, upper-, lower-, and vehicle-level modules, as shown in Fig. 4. The supervisory-

level module generates the desired longitudinal and lateral states after fault occurrence, and the upper-level module 

computes the longitudinal force as well as the longitudinal and lateral yaw moments required to track these states. The 

lower-level module performs TV-based control allocation, thereby distributing the longitudinal yaw moment into 

individual wheel torques and converting the lateral yaw moment into an RWS angle. 

 

Reference state definition 

The desired vehicle states are defined based on the driver’s inputs and the vehicle speed at the time of fault occurrence. 𝑣௫,ௗ௘௦ is set to the vehicle speed at the time of fault occurrence, as shown in Eq. (19). The desired lateral behavior is 

defined by the steady-state yaw rate and sideslip angle, as expressed in Eqs. (20) and (21)23, where ܮ denotes the 

vehicle wheelbase. 𝑣௫,ௗ௘௦  =  𝑣௫(ݐ௙௔௨௟௧) (19) ߮̇ௗ௘௦  =  
𝑣௫,ௗ௘௦

௙݈ + ݈௥ + ݉𝑣௫2 (݈௥ܥ௥ − ௙݈ܥ௙)2ܥ௙ܥ௥ܮ 

௙,ௗ௘௦ߜ  
(20) 

ௗ௘௦ߚ  =  

݈௥ − ௙݈݉𝑣௫,ௗ௘௦22ܥ௥( ௙݈ + ݈௥)
௙݈ + ݈௥ + ݉𝑣௫2 (݈௥ܥ௥ − ௙݈ܥ௙)2ܥ௙ܥ௥ܮ 

 ௙,ௗ௘௦ (21)ߜ



 
Fig. 4 Architecture of the proposed SbW-FTC system. 

 

Upper-level controller 

The upper-level control module generates the desired longitudinal force and yaw moment via a feedback controller 

designed using a discrete-time linear quadratic regulator24. The feedback controller is designed using a state-space 

model based on the dynamics of yaw rate, sideslip, and longitudinal acceleration. 

The lateral dynamics are represented using the discrete-time state-space model expressed in Eq. (22), where the 

state vector comprises yaw rate and sideslip angle and the control input is the desired yaw moment. The lateral state 

vector is defined as ݔ௟௔௧(݇) = [߮̇(݇)  comprising yaw rate and sideslip angle, and the target state vector is ,⏉[(݇)ߚ

defined as ݔ௟௔௧,ௗ௘௦(݇) = [߮̇ௗ௘௦(݇) (݇)௟௔௧ݔ̃ ,ௗ௘௦(݇)]⏉. The lateral state errorߚ = (݇)௟௔௧ݔ −  ௟௔௧,ௗ௘௦(݇), represents theݔ

deviation between the current and target vehicle lateral states and is used as the basis for generating the desired yaw 

moment. The quadratic cost function used to minimize yaw-rate and sideslip-angle tracking errors is defined in Eq. 

݇)௟௔௧ݔ .(23) + 1) = (݇)௟௔௧ݔ௟௔௧ܣ  + ௟௔௧ܬ ௭,ௗ௘௦(݇) (22)ܯ௟௔௧ܤ = ∑ ௟௔௧்ݔ̃) (݇) ௟ܳ௔௧̃ݔ௟௔௧(݇) + ௭,ௗ௘௦்ܯ (݇)ܴ௟௔௧ܯ௭,ௗ௘௦(݇))∞

௞ = 0  (23) 

The optimal solution ܲ is obtained by solving the discrete-time Riccati equation (Eq. (24)), and the corresponding 

optimal feedback gain ܭ௟௔௧ is calculated from Eq. (25). Using this gain, the desired yaw moment is generated as the 

state-feedback control input in Eq. (26). The weighting matrices ܳ and ܴ are selected to balance tracking performance 

and control effort.  

௟ܲ௔௧  = ⏉௟௔௧ܣ  ௟ܲ௔௧ܣ௟௔௧ − ⏉௟௔௧ܣ ௟ܲ௔௧ܤ௟௔௧(ܴ௟௔௧ + ⏉௟௔௧ܤ ௟ܲ௔௧ܤ௟௔௧)−1ܤ௟௔௧⏉ ௟ܲ௔௧ܣ௟௔௧ + ௟ܳ௔௧ ௟௔௧ܭ (24)   =  (ܴ௟௔௧ + ⏉௟௔௧ܤ ௟ܲ௔௧ܤ௟௔௧)−1ܤ௟௔௧⏉ ௟ܲ௔௧ܣ௟௔௧ (݇)௭,ௗ௘௦ܯ (25)  =  ௟௔௧(݇) (26)ݔ௟௔௧̃ܭ−

To represent longitudinal dynamics, the longitudinal state vector is defined as ݔ௟௢௡௚(݇) = [ܽ௫(݇) 𝑣௫(݇)]⏉, where ܽ௫  nd 𝑣௫  denote longitudinal acceleration and vehicle speed, respectively. The target state vector is defined as ݔ௟௢௡௚,ௗ௘௦(݇) = [0 𝑣௫,ௗ௘௦(݇)]⏉, where the target longitudinal acceleration is set to zero to enable steady-state speed 

tracking. Accordingly, the longitudinal state error, ̃ݔ௟௢௡௚(݇) = (݇)௟௢௡௚ݔ −  ௟௢௡௚,ௗ௘௦(݇), is used as the feedback stateݔ

for computing the desired longitudinal acceleration and, ultimately, the desired longitudinal force. The discrete-time 

longitudinal state-space model is expressed in Eq. (28). ܽ̇௫(ݐ) = − 1߬ ܽ௫(ݐ) + 1߬ ܽ௫,ௗ௘௦(ݐ),   (𝑣̇௫(ݐ) = ܽ௫(ݐ)) (27) ݔ௟௢௡௚(݇ + 1) = (݇)௟௢௡௚ݔ௟௢௡௚ܣ  +  ௟௢௡௚ܽ௫,ௗ௘௦(݇) (28)ܤ



The formulation of the cost function and the derivation of the optimal solution follow the same process as the yaw-

moment generation. To minimize the velocity-tracking error, the quadratic cost function is defined in Eq. (29). The 

desired longitudinal acceleration is then calculated from the longitudinal state error using Eq. (30), and the desired 

longitudinal force is finally obtained from the commanded acceleration and vehicle mass, as expressed in Eq. (31). 

௟௢௡௚ܬ = ∑ ௟௢௡௚்ݔ̃) (݇) ௟ܳ௢௡௚̃ݔ௟௢௡௚(݇) + ܽ௫,ௗ௘௦் (݇)ܴ௟௢௡௚ܽ௫,ௗ௘௦(݇))∞

௞ = 0  (29) ܽ௫,ௗ௘௦(݇) = (݇)௫,ௗ௘௦ܨ ௟௢௡௚(݇) (30)ݔ௟௢௡௚̃ܭ− = ݉ܽ௫,ௗ௘௦(݇) (31) 

 

Adaptive yaw moment distribution law 

The AYD law that accounts for unintended front-wheel steering induced by complete SbW failure using real-time 

sensitivity weighting is described herein. By decomposing the target yaw-moment computed at the upper level into 

longitudinal and lateral components, the proposed law generates reference commands required for control allocation 

in the lower-level subsystems. 

The yaw-acceleration and sideslip-rate dynamics, extracted from the state-space model using the selection vectors ݁ఝ̇⏉ and ఉ݁⏉, are expressed in Eqs. (32) and (33), respectively. Based on these expressions, Eqs. (34) and (35) define 

the corresponding state-rate sensitivity coefficients with respect to the longitudinal yaw moment ܯ௭,௟௢௡௚, lateral yaw 

moment ܯ௭,௟௔௧ , and front-wheel steering angle ߜ௙. ߮̈ = ݁ఝ̇⏉̇ݔ = ݁ఝ̇⏉ݔܣ + ݁ఝ̇⏉ܤ௟௢௡௚ܯ௭,௟௢௡௚ + ݁ఝ̇⏉ܤ௟௔௧ܯ௭,௟௔௧ (32) ̇ߚ = ఉ݁⏉̇ݔ = ఉ݁⏉ݔܣ + ఉ݁⏉ܤ௟௢௡௚ܯ௭,௟௢௡௚ + ఉ݁⏉ܤ௟௔௧ܯ௭,௟௔௧ (33) ߲߲߮̈ܯ௭,௟௢௡௚ = ݁ఝ̇⏉ܤ௟௢௡௚ = ௭ܫ1 , ௭,௟௔௧ܯ߲߲̈߮ = ݁ఝ̇⏉ܤ௟௔௧ = ௭ܫ1 , ௙ߜ߲߲̈߮ = ݁ఝ̇⏉݁ܣఋ = ௙ܥ2 ௙݈ܫ௭ ௭,௟௢௡௚ܯ߲ߚ߲̇ (34)  = ఉ݁⏉ܤ௟௢௡௚ = 0, ௭,௟௔௧ܯ߲ߚ߲̇ = ఉ݁⏉ܤ௟௔௧ = − 1݉𝑣௫݈௥ , ௙ߜ߲ߚ߲̇ = ఉ݁⏉݁ܣఋ = ௙݉𝑣௫ܥ2  (35) 

The static sensitivity of the induced front-wheel steering angle to the distributed yaw-moment inputs is derived 

using steady-state relationships, as expressed in Eqs. (36)–(38). Under the steady-state assumption, the state derivative 

is set to zero, and the vehicle lateral dynamics are expressed as the algebraic equilibrium condition in Eq. (36). 

Rearranging this condition yields Eq. (37), which relates the steady-state vector to the longitudinal and lateral yaw-

moment inputs. The steady-state front-wheel steering angle ߜ௙,௦௦ is extracted from the steady-state vector using the 

selection vector ݁ఋ⏉, as defined in Eq. (38). 0 = ௦௦ݔܣ + ௭,௟௢௡௚ܯ௟௢௡௚ܤ + ௭,௟௔௧ܯ௟௔௧ܤ ௦௦ݔ (36)  = ௭,௟௢௡௚ܯ௟௢௡௚ܤ1−ܣ− − ௭,௟௔௧ܯ௟௔௧ܤ1−ܣ ௙,௦௦ߜ (37)  = ݁ఋ⏉ݔ௦௦ = ݁ఋ⏉(−ܤ1−ܣ௟௢௡௚ܯ௭,௟௢௡௚ −  ௭,௟௔௧) (38)ܯ௟௔௧ܤ1−ܣ

The steady-state sensitivities of the induced front-wheel steering angle to the longitudinal and lateral yaw-moment 

inputs are defined in Eqs. (39) and (40), respectively. Here, ܭఋ೑,ೞೞ௟௢௡௚
 quantifies the effect of ܯ௭,௟௢௡௚ on the steady-state 

front-wheel steering angle induced by the scrub moment caused by left–right longitudinal force differences, whereas ܭఋ೑,ೞೞ௟௔௧  quantifies the effect of ܯ௭,௟௔௧ on the steady-state front-wheel steering angle induced by the trail moment steering 

effect.  ܭఋ೑,ೞೞ௟௢௡௚ = ௭,௟௢௡௚ܯ௙,௦௦߲ߜ߲ = ݁ఋ⏉(−1−ܣ)ܤ௟௢௡௚ ≈ ( ݇௟௠,௙݈௬ܥ௙ݐ௙(݈௫ + ఋ೑,ೞೞ௟௔௧ܭ ௣,௙)) (39)ݐ = ௭,௟௔௧ܯ௙,௦௦߲ߜ߲ = ݁ఋ⏉(−1−ܣ)ܤ௟௔௧ ≈ − ௙݈௥ܥ12  (40) 

The transient-state response of the vehicle lateral dynamics model to distributed yaw-moment inputs is expressed 

in Eqs. (41)–(43). The linear state-transition solution over the prediction horizon ܶ, which accounts for the natural 

system response and the forced response induced by the yaw-moment input, is expressed in Eq. (41). The zero-order 



hold assumption, under which the yaw-moment input is treated as constant over the interval [0, ܶ], is expressed in Eq. 

(42). Based on this assumption, equation (43) provides an approximate closed-form prediction of the future state; this 

prediction is subsequently used to derive the dynamic sensitivity of unintended front-wheel steering in the transient 

phase. ݐ)ݔ + ܶ) = ݁஺்(ݐ)ݔ + ∫ ݁஺(்−ఛ)்
0 ݐ)௭,௝ܯ௝ܤ + ݐ)௝ݑ (41) ߬݀(߬ + ߬) = ݐ)௭,௝ܯ + ߬) ≈ ,(ݐ)௭,௝ܯ ߬ ∈ [0, ݐ)ݔ (42)  [ܶ  + ܶ) ≈ ݁஺்(ݐ)ݔ + (∫ ݁஺(்−ఛ)்

0  (43) (ݐ)௭,௝ܯ௝ܤ(߬݀

The dynamic sensitivity of the induced front-wheel steering angle with respect to the distributed yaw-moment inputs 

is expressed in Eqs. (44)–(48). The finite-time and infinite-time steering sensitivities, which represent the transient 

and steady-state effects of each distributed yaw-moment input, respectively, are defined in Eq. (44). The corresponding 

sensitivity matrices over finite and infinite-time horizons, ܵ(ܶ) and ܵ(∞), are defined as expressed in Eqs. (45) and 

(46). Using these sensitivities, Eq. (47) defines the transient induced-steering effectiveness coefficient ߬ఋ,௝( ௥ܶ(ݐ)) as 

a saturated and normalized measure of the transient steering sensitivity relative to its steady-state counterpart. Equation 

(48) defines an adaptive response time ௥ܶ(ݐ) computed from the ratio of the front-wheel steering angle to its angular 

velocity. This response time is used to determine whether the current steering response is in a transient or near-steady-

state region. A small ௥ܶ(ݐ) indicates a rapidly varying transient response, whereas a large ௥ܶ(ݐ) indicates convergence 

toward steady state. The design parameters in Eqs. (47) and (48) are selected as ௥ܶ,௠௜௡ = 10−2, ௥ܶ,௠௔௫ = 5, ߬ఋ,௠௜௡ =−1, ߬ఋ,௠௔௫ = 1, and ߳௦ = 10−6
ݐ)௙ߜ߲ . + (ݐ)௭,௝ܯ߲(ܶ = ݁ఋ⏉ܵ(ܶ)ܤ௝ , ݐ)௙ߜ߲ + (ݐ)௭,௝ܯ߲(∞ = ݁ఋ⏉ܵ(∞)ܤ௝  (44) ܵ(ܶ) = ∫ ݁஺ఛ்

0 ݀߬ = ஺்݁)1−ܣ − (∞)ܵ (45) (ܫ = ∫ ݁஺ఛ∞
0 ݀߬ = 1−ܣ (்݈݅݉→∞ ݁஺் − (ܫ = 1−ܣ−

 (46) 

߬ఋ,௝( ௥ܶ(ݐ)) = ݐܽݏ ( )ܵ⏉௦௚௡݁ఋߪ ௥ܶ(ݐ))ܤ௝|݁ఋ⏉(−1−ܣ)ܤ௝| + ߳௦ , ߬ఋ,௠௜௡ , ߬ఋ,௠௔௫) , ݆ ∈ ,݃݊݋݈}  (47) {ݐ݈ܽ

௥ܶ(ݐ) = ݐܽݏ |(ݐ)௙ߜ|) + ߳௦|ߜ௙̇(ݐ)| + ߳௦ , ௥ܶ,௠௜௡ , ௥ܶ,௠௔௫) , ௦௚௡ߪ =  (48) (௭,ௗ௘௦ܯ)݊݃ݏ

The integrated sensitivities, which combine the direct state-rate sensitivity to each yaw-moment component with 

the indirect contribution arising from induced front-wheel steering, are defined in Eqs. (49)–(53). Equation (49) 

defines the effective induced-steering sensitivity as the product of the transient effectiveness coefficient ߬ఋ,௝ and the 

steady-state induced-steering sensitivity ܭఋ೑,ೞೞ௝
. Using this effective term, Eqs. (50)–(53) describe the integrated 

sensitivities of yaw acceleration and sideslip rate with respect to the longitudinal and lateral yaw-moment components. ( ௭,௝)௘௙௙ܯ௙߲ߜ߲ ≔ ߬ఋ,௝ܭఋ೑,ೞೞ௝  (49) 

ఝ̈,௟௢௡௚ݏ = [ ௭,௟௢௡௚ܯ߲߲̈߮ + ௙ߜ߲߲̈߮ ( [௭,௟௢௡௚)௘௙௙ܯ௙߲ߜ߲ = ௭ܫ1 + ߬ఋ,௟௢௡௚( ௥ܶ) ௙ܥ2 ௙݈ܫ௭ ఋ೑,ೞೞ௟௢௡௚ܭ
 (50) 

ఉ̇,௟௢௡௚ݏ = [ ௭,௟௢௡௚ܯ߲ߚ߲̇ + ௙ߜ߲ߚ߲̇ ( [௭,௟௢௡௚)௘௙௙ܯ௙߲ߜ߲ = ߬ఋ,௟௢௡௚( ௥ܶ) ௙݉𝑣௫ܥ2 ఋ೑,ೞೞ௟௢௡௚ܭ
 (51) 

ఝ̈,௟௔௧ݏ = [ ௭,௟௔௧ܯ߲߲̈߮ + ௙ߜ߲߲̈߮ ( [௭,௟௔௧)௘௙௙ܯ௙߲ߜ߲ = ௭ܫ1 + ߬ఋ,௟௔௧( ௥ܶ) ௭ܫ௙݈௙ܥ2 ఋ೑,ೞೞ௟௔௧ܭ
 (52) 

ఉ̇,௟௔௧ݏ = [ ௭,௟௔௧ܯ߲ߚ߲̇ + ௙ߜ߲ߚ߲̇ ( [௭,௟௔௧)௘௙௙ܯ௙߲ߜ߲ = − 1݉𝑣௫݈௥ + ߬ఋ,௟௔௧( ௥ܶ) ௙݉𝑣௫ܥ2 ఋ೑,ೞೞ௟௔௧ܭ
 (53) 



Using the integrated sensitivities defined in Eqs. (49)–(53), the proposed AYD law can predict the state-rate 

response associated with a given yaw-moment allocation. The corresponding state-rate prediction model is presented 

in Eqs. (54)–(58). The desired and actual state-rate vectors, composed of yaw acceleration and sideslip rate, are defined 

in Eq. (54). The desired yaw acceleration and sideslip rate are computed from the difference between the next-step 

desired states and the current actual states over the sampling interval ௦ܶ, as expressed in Eq. (55). Equation (56) 

presents a first-order local approximation of the state-rate response with respect to a yaw-moment input around the 

operating point. This formulation is then extended to a distributed-input representation shown in Eq. (57), where the 

predicted state-derivative vector ̇̂ݔ௦(݇|ߙ) is obtained by multiplying the integrated sensitivity matrix by the distributed 

control-input vector. The longitudinal and lateral yaw moments are defined by decomposing the desired total yaw 

moment ܯ௭,ௗ௘௦(݇) into ܯ௭,௟௢௡௚(݇) and ܯ௭,௟௔௧(݇) using the distribution ratio ߙ(݇), as expressed in Eq. (58). ̇ݔ௦,ௗ௘௦(݇) = [߮̈ௗ௘௦(݇)̇ߚௗ௘௦(݇)] , (݇)௦ݔ̇ = (݇)ௗ௘௦̈߮ (54) [(݇)ߚ̇(݇)̈߮] = ߮̇ௗ௘௦(݇ + 1) − ߮̇(݇)௦ܶ , (݇)ௗ௘௦ߚ̇ = ݇)ௗ௘௦ߚ + 1) − ௦ܶ(݇)ߚ (௭ܯ)̈߮ (55)  ≈ (௭,0ܯ)̈߮ + ௭|ெ೥,0ܯ߲߲̈߮ ௭ܯ) − ,(௭,0ܯ (௭ܯ)ߚ̇ ≈ (௭,0ܯ)ߚ̇ + ௭|ெ೥,0ܯ߲ߚ߲̇ ௭ܯ) −  ௭,0) (56)ܯ

(ߙ|݇)௦ݔ̂̇ = [(ߙ|݇)ߚ̂̇(ߙ|݇)̈̂߮] = (݇)ఝ̈,௟௢௡௚ݏ] (݇)ఉ̇,௟௢௡௚ݏ(݇)ఝ̈,௟௔௧ݏ ,݇)ܯ[(݇)ఉ̇,௟௔௧ݏ ,݇)ܯ (57) (ߙ (ߙ = (݇)௭,௟௔௧ܯ(݇)௭,௟௢௡௚ܯ] ] = [ ௭,ௗ௘௦(݇)(1ܯߙ −  ௭,ௗ௘௦(݇)] (58)ܯ(ߙ

By substituting the distributed yaw-moment components from Eq. (58) into the state-derivative prediction model 

in Eq. (57), the predicted yaw acceleration ߮̂̈(݇|ߙ)  and sideslip rate ̇̂(ߙ|݇)ߚ  are obtained (Eqs. (59) and (60), 

respectively). These equations represent the predicted state-rate responses as linear combinations of the longitudinal 

and lateral integrated sensitivities. Equation (61) defines the corresponding sensitivity differences, ∆ݏఝ̈(݇)  and ∆ݏఉ̇(݇) , which quantify the relative change in effectiveness between the longitudinal and lateral yaw-moment 

components. ߮̂̈(݇|ߙ) = (݇)௭,ௗ௘௦ܯߙ(݇)ఝ̈,௟௢௡௚ݏ + ఝ̈,௟௔௧(݇)(1ݏ − (݇)௭,ௗ௘௦ܯ(ߙ = (݇)ఝ̈,௟௔௧ݏ) + (ߙ|݇)ߚ̂̇ ௭,ௗ௘௦(݇) (59)ܯ((݇)ఝ̈ݏ∆ߙ = (݇)௭,ௗ௘௦ܯߙ(݇)ఉ̇,௟௢௡௚ݏ + ఉ̇,௟௔௧(݇)(1ݏ − (݇)௭,ௗ௘௦ܯ(ߙ = (݇)ఉ̇,௟௔௧ݏ) + (݇)ఝ̈ݏ∆ ௭,ௗ௘௦(݇) (60)ܯ((݇)ఉ̇ݏ∆ߙ = (݇)ఝ̈,௟௢௡௚ݏ − ,(݇)ఝ̈,௟௔௧ݏ (݇)ఉ̇ݏ∆ = (݇)ఉ̇,௟௢௡௚ݏ −  ఉ̇,௟௔௧(݇) (61)ݏ

The normalized state-rate error used in the proposed AYD law is defined in Eqs. (62)–(66). The normalized error 

vector ݁௫(݇,  is obtained by applying the weighting matrix ௫ܹ(݇) to the deviation between the desired and predicted (ߙ

state derivatives, as expressed in Eq. (62). Here, ௫ܹ(݇) functions as a normalization factor that scales yaw acceleration 

and sideslip rate errors into a dimensionless space. The normalization factors ߪఝ̈(݇) and ߪఉ̇(݇) are defined as state-

rate normalization scales based on the desired yaw-moment magnitude and peak absolute integrated sensitivity for 

each state variable, as expressed in Eqs. (63) and (64). By combining the desired yaw-moment magnitude with the 

peak absolute integrated sensitivity to the longitudinal and lateral yaw-moment components, these factors provide 

normalization scales for the yaw acceleration and sideslip rate. The normalized yaw-acceleration and sideslip rate 

errors, ݁ఝ̈(݇, ,݇)and ݁ఉ̇ (ߙ  are represented in Eqs. (65) and (66), where each error is expressed as an affine function ,(ߙ

of the yaw-moment distribution ratio ߙ(݇). ݁௫(݇, (ߙ = ௫ܹ(݇) (݇)௦,ௗ௘௦ݔ̇) − ((ߙ|݇)௦ݔ̂̇ , ௫ܹ(݇) = ݀݅ܽ݃ ( (݇)ఝ̈ߪ1 + ߳௦ , (݇)ఉ̇ߪ1 + ߳௦) (62) ߪఝ̈(݇) = ,|(݇)ఝ̈,௟௢௡௚ݏ|)ݔܽ݉|(݇)௭,ௗ௘௦ܯ| (݇)ఉ̇ߪ ఝ̈,௟௔௧(݇)|) (63)ݏ|  = ,|(݇)ఉ̇,௟௢௡௚ݏ|)ݔܽ݉|(݇)௭,ௗ௘௦ܯ| ,݇)ఉ̇,௟௔௧(݇)|) (64) ݁ఝ̈ݏ|  (ߙ = ߮̈௥௘௤(݇) − (݇)ఝ̈ߪ(ߙ|݇)̈̂߮ + ߳௦ = ߮̈௥௘௤(݇) − (݇)ఝ̈,௟௔௧ݏ(݇)௭,ௗ௘௦ܯ − (݇)ఝ̈ߪ(݇)ఝ̈ݏ∆(݇)௭,ௗ௘௦ܯߙ + ߳௦  (65) 



݁ఉ̇(݇, (ߙ = (݇)௥௘௤ߚ̇ − (݇)ఉ̇ߪ(ߙ|݇)ߚ̂̇ + ߳௦ = (݇)௥௘௤ߚ̇ − (݇)ఉ̇,௟௔௧ݏ(݇)௭,ௗ௘௦ܯ − (݇)ఉ̇ߪ(݇)ఉ̇ݏ∆(݇)௭,ௗ௘௦ܯߙ + ߳௦  (66) 

For closed-form optimization, the normalized state-rate error expressions are rearranged into a linear form in ߙ(݇), 

as shown in Eq. (67). The coefficients ܣఝ̈(݇) and ܣఉ̇(݇) characterize the sensitivity of each normalized state-rate error 

to ߙ(݇), whereas ܤఝ̈(݇) and ܤఉ̇(݇) represent the corresponding baseline residual errors when ߙ(݇) = 0, as expressed 

in Eqs. (68) and (69). ݁ఝ̈(݇, (ߙ = (݇)ఝ̈ܤ − ,ߙ(݇)ఝ̈ܣ ݁ఉ̇(݇, (ߙ = (݇)ఉ̇ܤ − (݇)ఝ̈ܣ (67) ߙ(݇)ఉ̇ܣ = (݇)ఝ̈ߪ(݇)ఝ̈ݏ∆(݇)௭,ௗ௘௦ܯ + ߳௦ , (݇)ఝ̈ܤ = ߮̈ௗ௘௦(݇) − (݇)ఝ̈ߪ(݇)ఝ̈,௟௔௧ݏ(݇)௭,ௗ௘௦ܯ + ߳௦  (68) 

(݇)ఉ̇ܣ = (݇)ఉ̇ߪ(݇)ఉ̇ݏ∆(݇)௭,ௗ௘௦ܯ + ߳௦ , (݇)ఉ̇ܤ = (݇)ௗ௘௦ߚ̇ − (݇)ఉ̇ߪ(݇)ఉ̇,௟௔௧ݏ(݇)௭,ௗ௘௦ܯ + ߳௦  (69) 

The proposed AYD law determines the optimal solution using the weighted least-squares25 method, and the 

corresponding optimization criterion is defined in Eqs. (70)–(72). The weighting-based distribution ratio ݓߙ(݇) is 

computed from the relative magnitudes of the longitudinal and lateral sensitivity indices, where each index ߟ௝(݇) 

represents the overall effectiveness of the corresponding yaw-moment generation mechanism, as expressed in Eq. (71). 

The normalized yaw-acceleration and sideslip-rate sensitivity components, ̅ݏఝ̈,௝(݇)  and ̅ݏఉ̇,௝(݇) , are defined by 

normalizing the integrated sensitivities with the magnitudes of their corresponding steady-state sensitivities for each 

yaw-moment generation mechanism, as expressed in Eq. (72). Here, ݏఝ̈,௝௦௦  and ݏఉ̇,௝௦௦  denote the steady-state integrated 

sensitivities of the yaw-acceleration and sideslip-rate responses for each yaw-moment generation mechanism, 

obtained by evaluating Eqs. (50)–(53) under the steady-state induced-steering condition, i.e., ߬ఋ,௝ = 1 . This 

normalization ensures a consistent evaluation of sensitivity indices ߟ௝(݇) despite differences in units and magnitudes 

between the state-rate variables. (ߙ)ܬ = ,݇)ఝ̈݁ఝ̈ݓ 2(ߙ + ,݇)ఉ̇݁ఉ̇ݓ 2(ߙ + ߙ)௥௔௧௘ߣ − ௣௥௘௩)2ߙ + ߙ)௪ߣ − ௪)2ߙ
(݇)௪ߙ (70)  = ݐܽݏ ( (݇)௟௢௡௚ߟ(݇)௟௢௡௚ߟ + (݇)௟௔௧ߟ , 0,1) , (݇)௝ߟ = ఝ̈,௝2ݏ̅√ (݇) + ఉ̇,௝2ݏ̅ (݇) (71) 

(݇)ఝ̈,௝ݏ̅ = ఝ̈,௝௦௦ݏ|(݇)ఝ̈,௝ݏ | + ߳௦ , (݇)ఉ̇,௝ݏ̅ = ఉ̇,௝௦௦ݏ|(݇)ఉ̇,௝ݏ | + ߳௦  (72) 

The optimal solution to the proposed yaw-moment distribution problem is given in Eqs. (73)–(75). The first-order 

optimality condition, obtained by differentiating the quadratic objective function with respect to ߙ(݇), is expressed in 

Eq. (73). Solving this condition yields the closed-form distribution ratio in Eq. (74), where the solution is analytically 

determined from the normalized state-rate error coefficients and the regularization terms associated with the previous 

allocation ratio and the sensitivity-based reference ratio. Using this optimal ratio, Eq. (75) decomposes the desired 

total yaw moment into longitudinal and lateral yaw-moment commands for the lower-level subsystems. This approach 

enables the real-time computation of the yaw-moment allocation ratio without requiring iterative numerical 

optimization. The objective-function weights in Eqs. (73) and (74) are set to ݓఝ̈ = ఉ̇ݓ ,0.5 = ௥௔௧௘ߣ ,0.2 = 0.1, and ߣ௪ = ߙ݀ܬ݀ .0.2 = ߙఝ̈ܣ)ఝ̈ܣఝ̈ݓ2 − (ఝ̈ܤ + ߙఉ̇ܣ)ఉ̇ܣఉ̇ݓ2 − (ఉ̇ܤ + ߙ)௥௔௧௘ߣ2 − (௣௥௘௩ߙ + ߙ)௪ߣ2 − (௪ߙ = (݇)ߙ (73) 0 = ఝ̈ܤఝ̈ܣఝ̈ݓ + ఉ̇ܤఉ̇ܣఉ̇ݓ + ௣௥௘௩ߙ௥௔௧௘ߣ + ఝ̈2ܣఝ̈ݓ௪ߙ௪ߣ + ఉ̇2ܣఉ̇ݓ + ௥௔௧௘ߣ + ௪ߣ , ܽ௢௣௧(݇) = ,(݇)ߙ)ݐܽݏ (݇)௭,௟௢௡௚ܯ (74) (0,1 = ܽ௢௣௧(݇)ܯ௭,ௗ௘௦(݇), (݇)௭,௟௔௧ܯ = (1 − ܽ௢௣௧(݇))ܯ௭,ௗ௘௦(݇) (75) 

 

Lower-level controller 

The lower-level control module employs quadratic programming26 to allocate the longitudinal and lateral yaw 

moments computed by the upper-level controller to the control inputs of the TV and RWS systems, respectively. 



The quadratic programming problem used for lower-level longitudinal yaw-moment control allocation is defined 

in Eqs. (76)–(78). The control allocation objective is expressed as a weighted least-squares problem that minimizes 

the tracking error between the achieved control output ݑܣ and the desired command vector ܾ while penalizing the 

control effort, as expressed in Eq. (76). In this formulation, the effectiveness matrix ܣ maps the control-input vector ݑ shown in Eq. (77) to the generalized longitudinal control outputs, and the target vector ܾ represents the desired 

longitudinal force and yaw moment requested by the upper-level controller. The weighting matrices ܳ and ܴ prioritize 

tracking performance and penalize control effort, respectively, as defined in Eq. (78). ݉݅݊௨ ܬ = ݑܣ) − ݑܣ)ܳ⏉(ܾ − ܾ) + ,ݑܴ⏉ݑ ܣ = [௠௭ܣ௙௫ܣ] , ܾ = [ ݑ ௭,௟௢௡௚] (76)ܯ௫,ௗ௘௦ܨ = [ ௙ܶ,ௗ௥௩ ௙ܶ௟,௕௥௞ ௙ܶ௥,௕௥௞ ௥ܶ௟ ௥ܶ௥]⏉  (77) ܳ = ௙௫ݍ)݃ܽ݅݀ , (௠௭ݍ ∈ ܴ2×2, ܴ = ݀݅ܽ݃ ,0ߩ) ௧௩,1ߩ1 , ௧௩,2ߩ1 , ௧௩,3ߩ1 ,  ௧௩,4) (78)ߩ1

The mapping vectors ܣ௙௫ and ܣ௠௭ convert actuator torque inputs into total longitudinal force and longitudinal yaw 

moment, respectively, as defined in Eq. (79). The geometric moment arms of each wheel are defined using the vehicle 

track widths, axle distances, and steering angles, as expressed in Eqs. (80) and (81). The allowable driving and braking 

torque limits are defined by combining actuator torque bounds with tire friction limits, as expressed in Eqs. (82) and 

(83). The friction limits are estimated based on the tire vertical load27 from vehicle accelerometer signals. ܣ௙௫ = ௘௙௙ݎ1 ݏ݋ܿ] ௙ߜ ݏ݋ܿ ௙ߜ ݏ݋ܿ ௙ߜ ݏ݋ܿ ௥ߜ ݏ݋ܿ ,[௥ߜ ௠௭ܣ = ௘௙௙ݎ1 [0 ௙௟ܯ ௙௥ܯ ௥௟ܯ ௙௟ܯ ௥௥] (79)ܯ = ௙2ݐ− ݏ݋ܿ ௙ߜ + ௙݈ ݊݅ݏ ௙ߜ , ௙௥ܯ = ௙2ݐ ݏ݋ܿ ௙ߜ + ௙݈ ݊݅ݏ ௙ߜ ௥௟ܯ (80)  = − ௥2ݐ ݏ݋ܿ ௥ߜ + ݈௥ ݊݅ݏ ௥ߜ , ௥௥ܯ = ௥2ݐ ݏ݋ܿ ௥ߜ + ݈௥ ݊݅ݏ ௥ߜ  (81) 

௙ܶ,ௗ௥௩௟௜௠ = ݉݅݊( ௙ܶ,ௗ௥௩௠௔௫ , ௪ܶ,௙௟௟௜௠ + ௪ܶ,௙௥௟௜௠ ) , ௜ܶ௥,ௗ௥௩௟௜௠ = min( ௜ܶ௥,ௗ௥௩௠௔௫ , ௪ܶ,௜௥௟௜௠) , ݎ݅ ∈ ,݈ݎ} ௜ܶ,௕௥௞௟௜௠ (82) {ݎݎ = ݉݅݊( ௜ܶ,௕௥௞௠௔௫ , ௪ܶ,௜௟௜௠) , ௪ܶ,௜௟௜௠ = ௫,௜௠௔௫ܨ௘௙௙ݎ , ݅ ∈ {݂݈, ,ݎ݂ ,݈ݎ  (83) {ݎݎ

The lower and upper bounds ݑ௠௜௡  and ݑ௠௔௫  of the optimization input vector are specified to ensure that each 

actuator operates within its allowable driving or braking torque range, as expressed in Eqs (84) and (85). The first 

optimization variable denotes the total front-axle driving torque, which is configured to be equally distributed between 

the left and right front wheels. Eq. (86) yields the optimal control-input vector ݑ௢௣௧ , obtained by solving the quadratic 

programming problem. As the rear-wheel torques are optimized in signed form, they are decomposed into separate 

driving and braking commands by extracting their positive and negative components in Eqs. (87) and (88), respectively. ݑ௠௜௡ = [0 − ௕ܶ௥௞,௙௟௟௜௠ − ௕ܶ௥௞,௙௥௟௜௠ − ௕ܶ௥௞,௥௟௟௜௠ − ௕ܶ௥௞,௥௥௟௜௠ ௠௔௫ݑ (84) ⏉[ = [ ௙ܶ,ௗ௥௩௟௜௠ 0 0 ௥ܶ௟,ௗ௥௩௟௜௠ ௥ܶ௥,ௗ௥௩௟௜௠ ௢௣௧ݑ (85) ⏉[ = [ ௙ܶ,ௗ௥௩∗ ௙ܶ௟,௕௥௞∗ ௙ܶ௥,௕௥௞∗ ௥ܶ௟∗ ௥ܶ௥∗ ]⏉  (86) ௗܶ,௥௟௖௠ௗ = )ݔܽ݉ ௥ܶ௟∗ , 0 ) , ௗܶ,௥௥௖௠ௗ = )ݔܽ݉ ௥ܶ௥∗ , 0 ) (87) ௕ܶ,௥௟௖௠ௗ = −)ݔܽ݉ ௥ܶ௟∗ , 0 ) , ௕ܶ,௥௥௖௠ௗ = −)ݔܽ݉ ௥ܶ௥∗ , 0 ) (88) 

The simplified sensitivity-based weighting model for TV control allocation is defined in Eqs. (89)–(92). Eq. (89) 

expresses an approximate steady-state relationship between the state vector and the four-wheel longitudinal tire-force 

vector using the reduced gain matrix ܩ௦௦. Here, the TV input ݑ௧௩ is defined as the vector of individual longitudinal 

tire forces, ݑ௧௩ = ௫,௙௟ܨ] ௫,௙௥ܨ ௫,௥௟ܨ ௫,௥௥]Tܨ . For weighting computation, ܤ௧௩  is intentionally constructed as an 

approximate input matrix. Specifically, it retains only the dominant direct yaw-moment contribution of the four 

longitudinal tire forces and the direct scrub-induced steering-axis moment caused by front-wheel longitudinal force 

differences, while neglecting higher-order and indirect lateral-state coupling effects. Accordingly, the second row of ܤ௧௩  is given by [− ௧೑2ூ೥ ௧೑2ூ೥ − ௧ೝ2ூ೥ ௧ೝ2ூ೥] and the third row is [− ௟೤௃ೞ ௟೤௃ೞ 0 0]. From this reduced model, Eq. (90) 

extracts the yaw-rate sensitivity row ܩ௦௦,ఝ̇ , whose elements ܭఝ̇,௜  are used as approximate weighting indices that 

indicate the relative contribution of each wheel’s longitudinal force to the steady-state yaw-rate response. Based on 

these indices, the normalized front and rear-wheel weights ߩ௧௩ , on the left and right sides of the vehicle are defined in 

Eqs. (91) and (92), respectively. 



௦௦ݔ  =  − ௧௩ݑ௧௩ܤ1−ܣ , = ௦௦ܩ  − ௧௩  (89) ߮̇௦௦ܤ1−ܣ = ݁ఝ̇⏉ݔ௦௦ = [݁ఝ̇⏉(−ܤ1−ܣ௧௩)]ݑ௧௩, ௦௦,ఝ̇ܩ = ఝ̇,௙௟ܭ] ఝ̇,௙௥ܭ ఝ̇,௥௟ܭ ௧௩,1ߩ ఝ̇,௥௥] (90)ܭ = |ఝ̇,௙௟ܭ||ఝ̇,௙௟ܭ| + |ఝ̇,௥௟ܭ| , ௧௩,2ߩ   = |ఝ̇,௙௥ܭ||ఝ̇,௙௥ܭ| +  ఝ̇,௥௥| (91)ܭ|

௧௩,3ߩ = |ఝ̇,௙௟ܭ||ఝ̇,௥௟ܭ| + |ఝ̇,௥௟ܭ| , ௧௩,4ߩ   = |ఝ̇,௙௥ܭ||ఝ̇,௥௥ܭ| +  ఝ̇,௥௥| (92)ܭ|

The RWS allocation for lateral yaw-moment generation and front-steering compensation is defined in Eqs. (93)–
(95). Using simplified linear-tire approximation, the yaw-moment effectiveness of RWS is defined by considering 

only the rear-steering contribution to the rear lateral tire force and the corresponding lateral yaw moment, as expressed 

in Eq. (93). The RWS angle is decomposed into two primary components: ߜ௥,௠(݇) for generating the assigned lateral 

yaw moment and ߜ௥,௖(݇) for offsetting the unintended front-wheel steering (Eq. (94)). Here, ߜ௙,௨௡(݇) denotes the 

unintended front-wheel steering angle under SbW-FTC conditions. A weighting factor for the compensatory steering 

term is introduced based on the lateral yaw-moment allocation ratio, as expressed in Eq. (95). The design parameters 

are ߩ௠௜௡ = ௠௔௫ߩ ,0.3 = ఋ,௠௜௡ݓ ,0.8 = 0, and ݓఋ,௠௔௫ = 0.5. Here, ߩ௠௜௡  and ߩ௠௔௫ define the activation range of the 

lateral yaw-moment allocation ratio, whereas ݓఋ,௠௜௡  and ݓఋ,௠௔௫  denote the lower and upper bounds of the 

compensatory RWS weight, respectively. ܨ௬,௥(݇) ≈ ,(݇)௥ߜ௥ܥ2 (݇)௭,௟௔௧ܯ ≈ −݈௥ܨ௬,௥(݇) = (݇)௥,௠ߜ ௥(݇) (93)ߜ௥݈௥ܥ2− = ௥ܩ(݇)௭,௟௔௧ܯ , (݇)௥,௖ߜ = ௥ܩ௙ܩ− ,(݇)௙,௨௡ߜ ௙ܩ = ௙ܥ2 ௙݈ , ௥ܩ = ௥݈௥ܥ2− (݇)ఋߩ (94)  = 1 − ܽ௢௣௧(݇), (݇)ఋݓ = ఋ,௠௜௡ݓ + ఋ,௠௔௫ݓ) − ݐܽݏ(ఋ,௠௜௡ݓ (݇)ఋߩ) − ௠௔௫ߩ௠௜௡ߩ − ௠௜௡ߩ , 0,1 ) (95) 

The RWS component ߜ௥,௠(݇) for lateral yaw-moment generation is constrained within the allowable rear-steering 

range to obtain the saturated command ߜ௥,௠௣ (݇), as expressed in Eq. (96). The available steering margin for additional 

compensation is computed using Eq. (97). The compensatory RWS component ߜ௥,௖௣ (݇) is constrained to not exceed 

the available steering margin and is combined with the yaw-moment-generating component to obtain the final RWS 

command ߜ௥,௖௠ௗ(݇), as expressed in Eq. (98). ߜ௥,௠௣ (݇) = ,(݇)௥,௠ߜ)ݐܽݏ ௥,௠௜௡ߜ , (݇)−௥ߜ∆ ௥,௠௔௫),  (96)ߜ = ௥,௠௜௡ߜ − ௥,௠௣ߜ (݇), (݇)+௥ߜ∆ = ௥,௠௔௫ߜ − ௥,௠௣ߜ ௥,௖௣ߜ (97) ,(݇) (݇) = ݐܽݏ ,(݇)௥,௖ߜ(݇)ఋݓ) ,(݇)−௥ߜ∆ ((݇)+௥ߜ∆ , (݇)௥,௖௠ௗߜ = ௥,௠௣ߜ (݇) + ௥,௖௣ߜ (݇) (98) 

 

Simulation results 
The FTC system performance under complete SbW failure was quantitatively evaluated. The proposed AYD strategy 

was validated in a simulation environment that ensured both safety and experimental repeatability. A high-fidelity 

vehicle model based on the nonlinear tire model implemented in IPG CarMaker was employed, and the model fidelity 

was enhanced by incorporating the same vehicle specifications and actuator degrees of freedom consistent with those 

of the experimental vehicle system. The simulation and control sampling periods were set to 1 and 10 ms, respectively, 

to emulate a real-time control environment. To compare the behavioral characteristics under SbW failure with those 

observed in the actual experimental vehicle, the differences in vehicle dynamic responses corresponding to TV and 

RWS yaw-moment distribution schemes were analyzed for an OA electric vehicle system. Figures 5(a) and 5(b) show 

the lane-change simulation results obtained by applying a 20° steering input with a frequency of 0.2 Hz to a vehicle 

traveling at 40 km/h under complete SbW failure conditions. Consistent with the results of the previous vehicle 

experiments, the simulation results also showed that the yaw-moment distribution ratio influenced the vehicle dynamic 

characteristics. 

The FTC system performance was quantitatively evaluated by comparing three control strategies. These strategies 

differed only in the target yaw-moment allocation ratio, whereas all other system components were configured 

identically. The performance of each control strategy was evaluated using the root mean square error (RMSE) of the 

tracking errors. 



  
(a) (b) 

Fig. 5 Comparison of tracking errors for different yaw-moment distribution ratios under complete SbW failure. 

 

  
(a) (b) 

 
(c) 

Fig. 6 Yaw-rate, sideslip angle, and trajectory responses during a lane-change maneuver. 

 

1. Baseline fixed-ratio yaw-moment distribution (BYD): This strategy allocates the target yaw moment at a 

fixed ratio of 5:5 between the longitudinal and lateral components.  

2. Empirically tuned fixed-ratio yaw-moment distribution (EYD): This strategy applies fixed distribution 

ratios that were experimentally determined for each driving scenario. 

3. AYD: This is the proposed strategy, in which the distribution ratio is adjusted in real time based on the 

sensitivities of TV and RWS to the vehicle states and SbW actuator dynamics. 

The lane-change scenario results shown in Figs. 6–8 were obtained under a steering input of 20° at a frequency of 

0.2 Hz while the vehicle traveled at 40 km/h. A complete SbW failure was injected at 5 s, after which the lane-change 

maneuver was performed with the RWA torque maintained at zero. 

The trajectory, yaw-rate tracking error, and sideslip angle tracking error for each yaw-moment distribution strategy 

in the lane-change scenario are shown in Fig. 6, and the quantitative results are summarized in Table 2. The yaw-rate 

and trajectory-tracking errors decreases in the order of BYD, EYD, and AYD, as illustrated in Figs. 6(a) and 6(c).  

In contrast, Fig. 6(b) shows that the sideslip angle errors for the AYD and EYD strategies are larger than that for BYD. 

This behavior can be attributed to the increased RWS angle resulting from the greater allocation of lateral yaw moment 

compared with BYD. An increase in the RWS angle enhances the rear lateral tire-force generated by the tire slip angle. 

This force directly alters the lateral-velocity component of the vehicle and increases the sideslip angle at the vehicle 

CoG.  

Fig. 7 shows the driver steering input, front and rear-steering angles, vehicle speed, and distributed longitudinal and 

lateral yaw moments for each strategy in the lane-change scenario. The driver steering input and vehicle speed are 

maintained under identical conditions for all strategies, as shown in Figs. 7(a) and 7(d). As shown in Fig. 7(c), the 

AYD and EYD strategies generate larger lateral yaw moments than the BYD strategy, resulting in larger RWS angles. 

This induces front tire slip angle and increases the unintended front-wheel steering due to lateral forces acting at the 



FTC Strategy Position (RMSE) Yaw rate (RMSE) Sideslip (RMSE) 

AYD 0.998 0.251 1.50 

EYD 1.062 0.270 1.41 

BYD 1.162 0.574 1.10 

Table 2. Tracking performance of different yaw-moment distribution strategies during a lane-change maneuver. 
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(c) (d) 

Fig. 7 Steering-wheel angle, wheel-angle, yaw-moment, and speed responses during a lane-change maneuver. 

 

 
Fig. 8 Combined EMB and e-AWD torque generated by TV during a lane-change maneuver. 

 

end of the pneumatic trail. Consequently, although RWS contributes substantially to the immediate generation of yaw 

response in transient phases, these results indicate that its use should be regulated by considering both the induced 

unintended front-wheel steering and the frequency characteristics of the steering input. Fig. 7(b) shows the unintended 

front-wheel steering induced under complete SbW failure. Fig. 8 shows the summed driving and braking torque 

outputs of the four wheels for each strategy during the lane-change maneuver. The EYD and AYD strategies, which 

allocate a smaller portion of the yaw moment to longitudinal components, require lower overall wheel torque demand 

compared with the BYD strategy, which distributes the yaw moment equally. 

The Automated Stopping when Entering the Circle scenario was implemented in accordance with DIN 7006528, a 

functional safety standard that defines the degradation evaluation criterion for SbW failure. The corresponding results 

are presented in Figs. 9–11. This test primarily assesses vehicle controllability after the occurrence of an SbW fault, 

and lane departure is used as the acceptance criterion. In this scenario, immediately after SbW failure, the vehicle 

enters a circular path with a radius of 100 m at a speed of 50 km/h and is required to remain within the lane while 

decelerating at 0.3 g until it comes to a complete stop. 

The trajectory, maximum lateral deviation, yaw-rate tracking error, and sideslip angle tracking error for each 

strategy in the DIN scenario are shown in Fig. 9, and the corresponding quantitative results are summarized in Table 

3. Results show that the maximum lateral deviation and yaw-rate tracking errors decrease in the order of BYD, EYD, 



  
(a) (b) 

  
(c) (d) 

Fig. 9 Trajectory, lateral deviation, yaw-rate, and sideslip angle responses during the DIN circle scenario. 

 

FTC Strategy Max lateral deviation (m) Yaw rate (RMSE) Sideslip (RMSE) 

AYD 0.275 0.543 0.521 

EYD 0.277 0.601 0.512 

BYD 0.410 0.698 0.592 

Table 3. Tracking performance of different yaw-moment distribution strategies during the DIN circle scenario. 
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(c) (d) 

Fig. 10 Steering-wheel angle, wheel-angle, yaw-moment, and speed responses during the DIN circle scenario. 

 

and AYD (Figs. 9(b) and 9(c)). Fig. 9(d) shows that the sideslip angle errors for the AYD and EYD strategies are 

lower than that for the BYD strategy. Fig. 9(a) shows that the AYD and EYD strategies satisfy the DIN degradation 

criterion, whereas the BYD strategy makes contact with a pylon during the stopping process and therefore fails to 

satisfy the criterion.  

Fig. 10 shows the driver steering input, front and rear-steering angles, vehicle speed, and distributed longitudinal 

and lateral yaw moments for each strategy in the DIN scenario. The driver steering input and vehicle deceleration are 

maintained under identical conditions for all strategies, as shown in Figs. 10(a) and 10(d). As shown in Fig. 10(c), the 

AYD and EYD strategies allocate a larger longitudinal yaw moment compared with the BYD strategy. Consequently, 

the longitudinal differential wheel torque generated by TV becomes larger, producing a stronger scrub moment that 

reduces the unintended front-wheel steering. In particular, after the initial transient phase immediately following entry 

into the circular path, tracking performance improves during the steady-state phase, as TV induces front-wheel steering 

in the direction of the turn. Fig. 10(b) shows that the unintended front-wheel steering under complete SbW failure is 

guided toward the turning direction by TV. Fig. 11 shows the summed driving and braking torque outputs of the four 

wheels for each strategy in the DIN circle scenario. The EYD and AYD strategies, which allocate a larger portion of 

the yaw moment to longitudinal components, require higher overall wheel torque demand compared with the BYD 

strategy, which distributes the yaw moment equally. 

Among the three strategies, AYD achieves the lowest yaw-rate tracking error, and lateral deviation distance over 

the entire maneuver. This strategy increases the lateral yaw moment during the transient phase and gradually increases 



 

Fig. 11 Combined EMB and e-AWD torque generated by TV during the DIN circle scenario. 

 

  
(a) (b) 

Fig. 12 Real-time task duration results of the proposed FTC system on the RCP platform. 

 

FTC Strategy 
Task duration [ms] 

Minimum  Average Maximum 

AYD 0.204 0.206 0.217 

EYD 0.198 0.200 0.203 

Table 4. Minimum, average, and maximum task duration of different FTC strategies on the RCP platform. 

 

the longitudinal yaw moment as the vehicle transitions to the steady-state condition. Consequently, the RWS angle 

increases during the transient steering-response phase to enhance yaw responsiveness, whereas the wheel torques 

generated by TV increase during the transition to the steady-state phase, thereby inducing front-wheel steering toward 

the vehicle turning direction. These results indicate that dynamically adjusting coordinated control inputs based on 

vehicle states under the driving condition and SbW fault characteristics effectively improves fault-tolerant control 

performance of the OA vehicle platform.  

To account for variations in vehicle states and actuator dynamics, the FTC system must ensure real-time 

computational capability. The computational performance of the proposed strategy was evaluated by comparing it 

with the conventional EYD-based FTC system implemented on the experimental vehicle, while keeping all system 

configurations identical except for the yaw-moment distribution strategy. The real-time computational performance 

of the SbW-FTC system is shown in Fig. 12, and the corresponding quantitative results are summarized in Table 4. 

Fig. 12(a) shows the computational performance of EYD, and Fig. 12(b) shows that of the proposed AYD strategy. 

Results indicate that the proposed AYD strategy increases the average computation time by approximately 0.006 ms 

compared with the EYD strategy. As microprocessor clock speed is a metric of computational capability, the dSPACE 

MicroAutoBox III, a research-oriented rapid control prototyping (RCP) device, features a 1.4 GHz processor29, 

whereas the AURIX TC399, a high-performance automotive microcontroller unit (MCU), operates at 300 MHz30. 

Even when considering a production-vehicle environment with a clock speed approximately four to five times lower 



than that of the RCP platform, the proposed AYD-based FTC system remains feasible for real-time implementation 

in production-vehicle MCU environments. 

 

Conclusion 
In this study, an AYD strategy for fault-tolerant steer-by-wire control in OA electric vehicle systems. The proposed 

method accounts for unintended front-wheel steering under complete SbW failure and incorporated this effect into an 

integrated vehicle model. Based on this model, the desired yaw moment was dynamically distributed between TV and 

RWS according to the driving condition. Simulation results revealed that the proposed AYD strategy improved 

tracking performance under complete SbW failure. The AYD achieved the lowest trajectory and yaw-rate tracking 

errors in the lane-change scenario and satisfied the DIN 70065 degradation criterion. In addition, the real-time 

computational performance of the method was suitable for real-time implementation in production-vehicle MCUs. 

Future work will focus on enhancing the control stability of the FTC system by considering the potential instability 

caused by driver intervention. 

 

Data availability 
The datasets used during the current study are available from the corresponding author on reasonable request. 
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