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Abstract


Steer-by-wire (SbW) is the latest steering evolution, providing many benefits, such as reduced vehicle weight and enhanced steering capability. While reliability is one of the main concerns hindering its widespread application, the potential of this technology to revolutionize the automotive industry is huge. Control techniques play an important part in achieving the full potential of SbW by focusing on the development of its performance and safety aspects. This paper provides a review of the control techniques that are being used in SbW technology to achieve better performance and enhance safety. Various control techniques for SbW exist to serve different purposes when dealing with the non-linear nature of the SbW dynamics. Although there is no one-size-fits-all control technique for all the requirements of the SbW, this study highlights that the non-linear controllers based on the sliding mode control (SMC) are a popular option for enhancing the accuracy of SbW systems. However, these controllers often suffer from a downside known as chattering. In contrast, robust controllers like Model Predictive Controllers (MPCs) can effectively manage uncertain dynamics and eliminate chattering, although they pose challenges due to their high computational costs.






Keywords:


steer-by-wire; control techniques; steering performance; electric vehicle; X-by-wire; drive-by-wire












1. Introduction


One of the rapidly advancing research areas in the field of electric vehicle (EV) technology is the development of steer-by-wire systems (SbWs) [1]. Alongside brake-by-wire [2,3,4,5] and throttle-by-wire [6,7], this technology is also known as X-by-wire or drive-by-wire [8,9], which plays a crucial part in the advancement of the automotive industry [10,11,12]. X-by-wire technology was first used in the aviation industry for aircraft control systems [1] and later adopted in the automotive industry to boost overall performance, reduce power consumption, and improve passenger safety [13]. In SbW, the traditional mechanical linkage connecting the steering wheel to the vehicle’s wheel mechanism is replaced with electronic signals to steer the vehicle [14]. The steering becomes more lightweight, which improves safety, increases design flexibility, and enhances handling capabilities [15,16]. SbW introduces the use of two servo motors to complete two primary tasks of SbW, one for the driving feedback interface and one for the steering mechanism that assists in balancing the wheels’ frictional force, just like hydraulic-assisted steering [13,17].



The application of control techniques in traditional mechanical joint steers is limited mostly to improving performance and energy efficiency. For instance, the study of control techniques for the hydraulic or electro-hydraulic steering assist in [16,18] focuses on energy consumption efficiency. On the other hand, the control technique for SbW technology is advancing quickly in parallel with the rise in electric vehicles, making it possible to use lane-keeping, parking assist, variable steering, driving assistance, vehicle stability control, and autonomous driving [19,20,21], features that are becoming popular in the automobile industry.



With these appealing benefits, however, reliability has become one of the main factors limiting its adoption in personal cars, as the manufacturer needs to comply with the safety standards and road regulations [22]. In SbW, reliability encompasses two important aspects: safety and performance. Numerous efforts have been undertaken to address this issue, including the utilization of various control techniques, which are a crucial effort for realizing their full potential in automotive applications and expanding their applicability on a wider scale. This paper reviews advances in SbW control techniques, particularly in the effort to improve the SbW safety and performance. It provides a broader perspective of how advanced control methods can address challenges related to system performance, safety, and driver experience of the SbW technology.




2. Steering Technology


In the automotive industry, steering technology has evolved over decades, as illustrated in Figure 1. In the early days of the automobile, steering was entirely manual and lacked assistance. Then, it started growing with the introduction of hydraulic-assisted steering in the 1920s by General Motors to make the steering effort easier [23], which is a significant improvement from traditional assist-less steering.



The development of efficient and lightweight electric motors allowed their use in vehicles, particularly in the form of Electro-Hydraulic Power Steering (EHPS), which Ford introduced in 1965 [24]. Steer-by-wire was first developed in the 1990s, and it is a mode of advanced steering technology. Table 1 compares these steering technologies and their advantages and disadvantages.



The introduction of SbW has led to many explorations of this technology; Yih and Gerdes [25] converted the traditional steering system into an SbW system, showcasing the potential of SbW to accurately change the steering response and interpret the driver’s commands based on the vehicle’s state. Wu et al. implemented the SbW technology in light-duty vehicles (go-karts) using a joystick. The controller determines the slow-speed and fast-speed steering response in relation to the go-kart’s speed, demonstrating some clear benefits, such as a competitive cost for the component and a fully customized controller [26]. Arango et al. implemented the drive-by-wire techniques to validate the self-driving electric car using an open-source framework [24]. Sans also developed the X-by-wire joystick for semi-automatic parking and automatic maneuvering using SbW, helping the drivers avoid the manual control of the accelerator pedal, brake pedal, and steering wheel [27]. With many benefits, the SbW has become a hot research area, as Kaufmann et al. predicted in [28], and it will be the future trend in the automotive industry. The SbW benefits related to modern trends are described in Table 2. It has been demonstrated in [29] that steer-by-wire technology can be utilized to perform various autonomous tasks, such as automatic parking, using various sensors.




3. SbW Structure and Models


SbW systems consist of several key components, including sensors, actuators, electronics, and controllers. This review’s literature uses different terms to classify the SbW parts. As shown in Table 3, many references use many terms for parts that have the same function. For example, the upper part of the SbW is often referred to as the handwheel/steering wheel/driver subsystem, which mostly has the same function and purpose.



In this review, the SbW system is illustrated in Figure 2, highlighting its key components and simplifying the terms for the SbW part into the three main subsystems: the steering wheel subsystem, the controller subsystem, and the steering actuator subsystem. The steering wheel subsystem of the SbW serves as the driver interface and comprises the steering wheel and a torque and angle sensor. Its main function is to take the driver input, convert it into electrical signals, and send it to the controller subsystem. The steering wheel system is also equipped with an electric motor to provide feedback torque, recreating the interaction between road and wheel forces to compensate for the absence of mechanical stiffness and damping properties from conventional steering [56], hence improving the driving experience. As stated in [57], this feedback should vary and be unique for each vehicle, just like with conventional steering.



The controller subsystem oversees the whole SbW system, calculates the steering angle, and sends it to the steering actuator subsystem to turn the wheel. It also generates the feedback torque signal for the driver. In a redundant SbW system, the controller subsystem also acts as the fault detection mechanism to provide continuity of the SbW operation under one sensor or actuator fault.



The steering actuator subsystem receives the command from the controller subsystem to turn the vehicle wheel to correspond to driver input. It consists of the pinion mechanism, road wheel, angular sensor to read the wheel position, and an electric actuator that executes the electrical signal from the driver module into mechanical action. In a heavy vehicle, the steering interface is also often equipped with a hydraulic system and pump to assist the steering [58]. The steering actuator subsystem also reads the wheel–road interaction as a basis for the controller subsystem to generate the appropriate torque for the driver feedback. A mathematical model for a physical system is a powerful tool for altering the system and determining its controllability and observability [59]. Modeling SbW dynamics is necessary to develop an effective control technique to achieve the objective. Many studies attempt to model the SbW dynamic with various techniques, which can be categorized into linear and non-linear models.



Most of the references in this review modeled the SbW dynamics in the second-order approach, where the SbW mathematical model is divided into two main parts: the driver interface model and the steering interface model. The steering interface will be assumed as a bicycle model to simplify the approach, as described in Figure 3. Huang et al. [45], Wang et al. [60], and other authors [9,33,34,43,55,61,62,63,64,65,66,67] use this modeling technique before developing the corresponding control techniques for the SbW. In those works, they modeled the lower SbW subsystem based on a linearized second-order bicycle model, as shown in Figure 3. The main benefit of this technique is that it can accurately represent the real vehicle lateral dynamics, specifically at high speeds.



In Figure 3, the subscript “r” represents the rear wheel, while the “f” stands for the front wheel; hence, the     u   f     and     u   r     are the longitudinal speeds of the front wheel and the rear wheel, respectively. According to Newton’s second law of motion, the SbW vehicle dynamic can be expressed as follows:


        m u     β  ˙  + ψ   =   k   f     α   f   +   k   r     α   r           I   z     ψ  ˙  =   L   f       k   f   α   f   −   L   r     k   r     α   r          



(1)







The sideslip angle of the front and rear wheel can be written as follows:


          α   f   =   δ   f   − β −      L   f     u    ψ         α   r   = − β −      L   r     u    ψ        



(2)







Hence, the vehicle state can be described as follows:


         β  ˙        ψ  ˙       =           k   f   +   k   r     m u             L   f   k   f   −     L   r   k   r     m   u   2      − 1            L   f   k   f   −     L   r   k   r       I   z               L   f     2     k   f   +       L   r     2   k   r       I   z   u              β     ψ      +           − k   f     m u               − L   f   k   f       I   z             δ   f    



(3)







  m   represents the vehicle mass,     k   f     and     k   r     are the front and rear wheel cornering stiffness coefficients;     δ   f     is the front wheel angle;     α   f     and     α   r     are the front and rear wheel sideslip angles;   w   is the lateral speed;   β   is the vehicle sideslip angle;   ψ   is the yaw rate;     I   z     is the moment inertia of the vehicle around the Z axis; and     L   f     and     L   r     are the distance from the vehicle’s center of gravity to the front wheel and rear wheel, respectively.



Other works present the SbW system as a non-linear model. In [21], Tahami and Afshang use the fractional order technique to represent the non-linear SbW dynamics. They argue that fractional order can give a more accurate representation of the system, especially for rigid and non-linear systems, compared to integer-order ones like second-order modeling. In another study [50], a non-linear SbW model was provided that includes the dependencies parameter in nine degrees of freedom; this model can be reduced to be used as a base for the robust controller design by combining the two-mass oscillator model for the steering actuator subsystem and the steering wheel subsystem. SbW modeling with the Artificial Neural Network (ANN) and Gaussian Process Regression (GPR) was conducted to model the steering feedback of the SbW. In their finding, Zhao et al. [68]. stated that clustering the training data with testing data acquired from the real vehicle can significantly improve and increase the prediction accuracy while also keeping the complexity low. They also found that the GPR performed better and needed less time to train compared with the ANN method. A three-degree-of-freedom non-linear model of SbW dynamics was developed in [69] that includes the yaw, longitudinal, and side deflection for the steering assist torque and steering resistance moment to improve the steering feel. The Takagi–Sugeno fuzzy modeling technique for a non-linear SbW system was proposed in [70], which is suitable with a fuzzy controller for improving tracking performance to counter the time delay in master–slave communication.




4. Control Objective in Steer-by-Wire Systems


Due to the ideal mechanical–electrical interaction, various control techniques are suitable and have been plugged into the SbW system, from the classical to more advanced control. Control techniques in SbW systems have objectives that include achieving precision and accuracy in steering control, ensuring a quick response time for driver inputs, enhancing vehicle safety features, and emulating the road condition in the driver’s hands. These objectives are essential for delivering a high-quality driving experience and ensuring the safe operation of the vehicle, and they are not commonly found in traditional steering development. For instance, the study of the control techniques for hydraulic or electro-hydraulic steering assist has been conducted to increase its energy efficiency [18]. In contrast, in SbW, diverse control techniques can be used to achieve superior performance and comfortability. For example, a model-based control is used to manage the feedback of the electric motor, which produces the feedback torque in the SbW system to improve the driver’s comfort [16].



In a nutshell, the role of the control technique in the SbW system is summarized in Figure 4. The first objective of control techniques in SbW is to improve steering performance, which includes the accuracy of handwheel tracking and steering robustness. The second objective of control techniques in SbW is to improve its safety, which includes fault detection and isolation, as well as steering feedback.



Performance improvement mainly focuses on tracking accuracy, which means how well the steering system can translate the driver’s input accurately. Any slight deviation from the input can cause confusion and panic in the driver, which might lead to more dangerous consequences. The steering ability to maintain high performance in the presence of uncertain dynamics and external disturbance also becomes a major focus in the performance enhancement of SbW, making the SbW as robust as possible, which is crucial both for the performance and safety of the vehicle. Another important performance development is to optimize the steering ratio as a means to maximize the SbW benefits, as Yang et al. [71] developed a learning-based variable steering ratio strategy to adjust the steering ratio according to the vehicle’s state.



The main premise of eliminating the mechanical connection in SbW comes with a caveat that safety might be compromised. The absence of mechanical joins means that practically nothing holds the steering wheel and the pinion mechanism. In traditional steering, the purpose of this mechanical joint is not only to transmit the driver’s intention to turn the vehicle but also to act as a medium to transfer the road–wheel interaction to the driver’s hands. Therefore, two of the main control research methods for improving SbW safety are to mimic the feeling of traditional steering and to make sure any fault on the steering system can be fully detected and properly mitigated in real-time.



Providing a steering feel that closely mimics the traditional steering with mechanical parts is crucial not only for the driving experience but also for the safety aspect. When the driver cannot feel accurate feedback from the steering wheel, they might misinterpret the road conditions and make the wrong move, which is a concern. The development of how to mimic the road–wheel interaction has been studied extensively. For example, the authors in [72] attempted to recreate an organic steering feel based on reinforcement learning with the human reward model. Failure detection and isolation are also the main focus of many studies to properly detect if there is any malfunction in the SbW system and mitigate it accordingly.




5. Control Techniques in Steer-by-Wire Systems


5.1. PID-Based Controller


Classical control, such as the Proportional Integral Derivative (PID) controller, is simple but effective in bringing the plan to the desired output. The SbW equipped with techniques such as PD often provides a fast closed-loop response with no oscillation [45]. In practice, this controller might be applied partially as PI, PD, or as fully as a PID. PID is generally used as a comparison or benchmarking; for example, in [60], a PD controller is used to compare its performance with the sliding mode control. The PID controller has also been used to coordinate the two motors and provide fast communication in a dual-motor SbW actuator system [73].



Park and Jung [74] used the PI controller to track the steering torque reference for the steering feedback motor in a semi-active SbW and improve its safety. Oh et al. [9] also developed a control based on a PID controller that was used to provide reactive torque feedback for the driver based on the torque map, which improved the steering feel. The PID is also used to control the front steering motor to achieve quick responses according to the driver’s commands. The simplified diagram of classical PID control for SbW is shown in Figure 5. Although the PID controller is easy to develop and tune, it performs relatively well in the complex demands of the SbW system. It improves the accuracy of SbW angle tracking and response and reduces errors.



Nam et al. [75] developed a robust yaw control strategy that consists of an angle disturbance observer in the inner loop and the PI controller in the outer loop to achieve a good performance and stability of yaw control in SbW. A PD-based controller is also used in [76] as the outer loop to track the steering reference in SbW. He et al. [77] developed a PID-based controller for fault tolerance in dual motor SbW. They proposed the PID controller as the motor current controller, the PI controller as the speed feedback controller, and the P controller as the angle feedback controller. Therefore, when one motor fails, these controllers will ensure the SbW can keep functioning using the other motor.




5.2. Sliding Mode Control-Based Controller


The sliding mode control (SMC) presents an effective approach to improving the accuracy and overall performance of the non-linear SbW model. The widespread application of SMC variations in the SbW system highlights its versatility and potential to enhance system performance. Figure 6 depicts the typical SMC diagram for the SbW system. A super-twisting sliding mode (STSM) control was used to develop a new control architecture for a lane-keeping system assist for SbW [78]. The super twisting term in the SMC means that it has a higher order and a more robust nature compared to the standard SMC. Huang et al. [45] combined the MPC with SMC as an SMPC to handle the uncertain system dynamic of SbW. With MPC, the system was able to deal with input constraints and uncertain parameters and generate the optimum control for different road conditions. At the same time, the SMC will provide robustness to the system. This combination was able to achieve a good tracking performance under varying road conditions. The simulation result shows that the SMPC has a better tracking performance than the PD and MPC controllers.



Wang et al. [60] simulated the model of SbW to be controlled using a sliding mode controller to improve steering accuracy and tracking performance. The performance of the SMC is assessed using sinusoidal driving torque input with three different road conditions and a constant vehicle speed. Their result indicates that the SMC can flawlessly follow the handwheel steering reference even under various road conditions and perform better compared to the boundary layer SMC(BLSMC), PD controller, and H-infinity.



To provide a smooth transition between manual and automatic driving in SbW, Perozzi et al. developed a shared lane-keeping control for SbW based on the quasi-continues high order sliding mode control (Quasi SMC) architecture to provide a smooth transition between automatic and manual steering for the lane-keeping feature of SbW. Their proposed controller was compared with the standard shared quasi-control SMC and the Linear Quadratic Regulator (LQR) shared control and showed superior performance in handling errors and smoother transitions between the driving modes [79]. The synchronization of the dual motor SbW system was also studied by [80], which also employs a sliding mode control. The SMC, alongside MPC, was also utilized to achieve the yaw moment in a backup steering system if the steer-by-wire system experiences a failure [81].



Adding the learning technique to the standard SMC can improve its robustness. A robust sliding mode learning control (SMLC), which combines the sliding mode control with learning techniques, is able to provide a robust steering performance and drive the tracking error and the sliding variable to asymptotically zero for SbW [34]. This SMLC was able to learn the system dynamics based on the history of recent stability. In their study, they also compared the proposed SMLC with the H-infinity and conventional SMC with BLSMC. Their simulation result shows that the H-infinity cannot handle the varying road surface conditions, while the BLSMC shows a good tracking performance with strong robustness against varying road conditions. However, their proposed SMLC gives superior performance in terms of small tracking errors.



Modifying the SMC with adaptive capability was conducted by Sun et al. [82], where they presented an adaptive sliding mode control for SbW, which can compensate for the self-aligning torque disturbance. In their finding, the adaptive sliding mode (ASM) was able to give stronger robustness and good error reduction compared to the conventional sliding mode controller and the linear     H   ∞     controller. Zhang et al. [83] also proposed a robust adaptive sliding mode control (RASMC) that consists of two parts. The first part, called the upper controller, is used to calculate the steering angle for both the yaw rate and the side slip angle. It consists of the sliding mode state observer to estimate the side slip (yaw rate and lateral acceleration), an adaptive law to estimate the switching gain to reduce uncertainty, and a lateral stability controller. The second part is the lower controller, which consists of an ASM to make the vehicle wheel follow the desired angle calculated from the upper controller using a sliding mode state observer, which was able to compensate for the presence of external disturbance. The proposed controller was compared with the integral sliding mode control (ISMC) and the PI controller and then verified using hardware-in-the-loop simulation. Their proposed RASMC gave a superior performance compared with the other two controllers. Their overall lateral stability controller was divided.



In countering the uncertain nature of the SbW system, Husain et al. [84] designed a robust controller based on the ISMC, which reduces the effect of perturbation and controller chattering that might occur from the uncertain system model for SbW, with additional integral components to reduce the steady-state error. The ISMC gives better performance in error tracking and perturbation rejection compared to other sliding mode-based controllers, like the standard sliding mode control (SMC) and adaptive sliding mode control (ASMC). In their following work, a robust control scheme (RCS) based on a sliding mode compensator and robust exact differentiator was used [85], which can guarantee the robustness of the steering. The RCS-based SMC performs better than BLSMC, H-infinity, and nominal feedback controllers. In other variations of SMC, like those presented in [86], the integral sliding mode control barrier function (ISMCbf) has been proposed for simulation under different driving conditions of SbW, such as slalom path and quick steering. The proposed ISMCbf was able to eliminate the chattering effect and reject disturbance and has overall superior robustness compared to standard SMC. The sliding mode combined with the MPC forms a sliding mode predictive control (SMPC), which, when combined again with the chaos particle swarm optimization (CPSO), was able to detect the actuator fault in the SbW system. Not only that, but this SMPC was also able to work well under model uncertainties and in the presence of disturbance [51].



A robust variation of the sliding mode control with a higher order, the nested adaptive super twisting sliding mode (NASTSM), was implemented by Sun et al. [33] in the SbW system because of its robust performance in coping with time-varying external disturbances. Like the IRL control, this controller also requires less model information to work. With good tuning, the controller proposed by the authors was able to achieve high tracking accuracy and robustness while staying less dependent on the information of the plant model compared with the conventional adaptive sliding mode control (CASM). However, this technique comes with a high computational demand that requires a more powerful processor for its implementation. Wang et al. then pushed the SMC further by developing an adaptive terminal sliding mode (ATSM), which has proven superior to a conventional sliding mode in the SbW system in terms of robustness, error convergence, and road disturbance attenuation [30]. The most impressive thing in this study is that the developed controller does not need information on system parameters and road conditions to track the steering input precisely under various scenarios. A study to control the dual motor mode of SbW was conducted by [87], where they developed an angle tracking control to smoothly control the dual three-phased PMSM. The controller is a double d-q vector space control. The tracking accuracy is improved by the use of a modified sliding mode control.




5.3. Model Predictive Control-Based Controller


A hierarchical anti-disturbance control scheme was proposed by Liu et al. [52] to try to solve the complex driving conditions of the SbW vehicle. In their layered control approach, they stack the MPC in the upper layer to correctly track the steering angle, and then, in the lower layer, a rack force observer in the form of an improved terminal sliding mode control (ITSMC) with precise terminal behavior is used to estimate disturbances. According to this study, the MPC can handle the optimization control problems under multiple constraints and, therefore, is mostly used for the path planning and tracking of autonomous vehicles. The proposed controller outperforms traditional MPC and SMC in its tracking ability with small errors and less oscillation, demonstrating its robustness. MPC was also used to define the steering envelope limit in SbW, as shown in [88], and the stabilization control techniques compensate for the tire friction coefficient and side slip in the steer-by-wire vehicle. The ability of the MPC controller to track the driver input was assessed under different road conditions. The controller was able to keep the steering gain inside the steerable boundaries even with the driver input exceeding these boundaries. To improve the stability and performance of the SbW system, a variable horizon-robust model predictive control (VRMPC) has been proposed [64]. This algorithm has adjusted the prediction horizon dynamically to enhance robustness. To achieve that goal, the look-up data are gathered through several simulations of the matrix of two road conditions and three vehicle speeds to acquire the relationship between the vehicle speed, wheel angle, and the prediction horizon.



Exploration of the differential steering as a backup of the steer-by-wire was also a crucial research area that needed to be conducted. MPC and SMC are developed to achieve the yaw moment if the steer-by-wire system experiences a failure as a backup steering technique where the MPC is designed to track the reference trajectory [81]. A shared control architecture which is similar to [79] was also studied in [89], where Erlien et al. developed a shared control for semi-autonomous based on MPC to aid the SbW vehicle in avoiding obstacles and changing lines. In the shared control technique, the driver still has full control of the vehicle, and the automatic steering system will provide assistance and take initiative in certain situations, such as in avoiding an obstacle. Integrating steer-by-wire technology into autonomous driving systems is a promising area of research.



He et al. [90] claim that the backstepping control is better compared to popular controllers, like MPC and SMC, to improve the SbW’s tracking accuracy. The authors argue that the SbW system is commonly modeled as a second-order system because the stepping parameters are crucial for the backstepping algorithm; in this study, they use the MPC to determine the stepping parameters. This hybrid control is then validated through an SbW hardware test and gives superior performance in robustness and accuracy compared to other controls like     H   ∞    , BAS-BSC, GWO-BSC, and SMC. Hence, He et al. recommend this hybrid model-tuned predictive backstepping controller for the SbW application. To address the fault estimation in the steer-by-wire system, Huang et al. [91] introduced an MPC based on delta operation to stabilize and compensate steering for the actuator failure. To give a more realistic road feel, an extended study has been conducted in [92], where a vehicle data-trained convolutional neural network (CNN) and explicit model predictive control (EMPC) are employed. In another work [46], a solution to these factors is proposed by developing an SPF comprising a deadbeat predictive, synergistic current control, current correction, and improved Adaline network parameter estimation. With this combination, the authors were able to improve the current control for the feedback motor on SbW, making it more accurate in representing the road–wheel interaction; this fusion control also was able to reduce the tracking delay significantly by more than 10% for both the current and torque tracking delay.




5.4. Fuzzy-Based Controller


A hybrid fuzzy-PID control was developed in [93] to balance the steering resistance and the input flow for the SbW actuator system. In [94], the authors stated that implementing a fuzzy five-stage control method based on phase plane division gives a simpler control rule than the fuzzy-PID, but still provides a quick response and robustness for the SbW system. Event-triggered adaptive fuzzy finite-time has also been studied in [67] to tackle the unknown non-linear dynamics of the SbW system. In their study, the proposed control techniques were able to reduce the tracking error to near zero within finite time intervals and reduce the unnecessary actuator updates. It was compared with other controllers such as PID, robust, discrete-time adaptive neural, and adaptive learning neural networks in [95], and sliding mode-based controllers in [33,45]. Their proposed event-triggered adaptive fuzzy finite-time is better at handling parameter uncertainty, stable in finite time, event-triggered mechanisms, and improves vehicle stability. Other authors [96] have explored the use of adaptive fuzzy modeling, which is also equipped with the event-triggered sliding mode control to compensate for the actuator failure. Similarly, in other studies [63], the authors developed an event-triggered adaptive-fuzzy control to solve the uncertainty model of the dynamics and disturbance of the SbW system. This control technique provides good tracking performance under uncertain conditions with less communication load. The adaptive observer part estimates the steering angular velocity, while the type-2 fuzzy logic estimates the model and external disturbances. The event-triggered part achieves steady-state performance. Their observer and controller performed as expected to calculate and track the system accurately.




5.5. Learning-Based Controller


The application of machine learning and AI techniques for adaptive and predictive control in steer-by-wire systems is an exciting area for future development. Chen et al. [43] tried to solve the tracking problem of SbW with actuator fault by developing integral reinforcement learning (IRL). In their approach to simulate the actuator fault, they modeled the SbW dynamics for the steering wheel module and the steering module. Their proposed model-free IRL algorithm was able to successfully track the steering trajectories in fewer iterations. Wang et al. [97] explored the challenges faced by steer-by-wire systems from external disturbance by using adaptive learning and neural networks with composite learning with the additional state observer, which can reduce the need for redundant sensors. The effect of the electro-mechanical failure of steer-by-wire and brake-by-wire is studied by [98], and a hierarchical AI-based correction algorithm is applied.



To produce an accurate steering feedback torque for SbW, Liu et al. [99] developed a sequence-to-sequence model with a switcher-assisted training algorithm to give more accurate force feedback in the steer-by-wire system. Compared with traditional machine learning algorithms like Multilayer Perception (MLP), Long Short-term Memory (LSTM), and the Gated Recurrent Unit (GRU), this proposed control technique was able to reduce the validation error significantly.




5.6. Other Controller


In [37], Zou and Zhao use the combination of the H2 and     H   ∞     robust control to achieve the vehicle stability and tracking performance of a dual motor SbW system. Meanwhile, this study uses a sliding speed synchronization controller for the synchronization of the motors. These two controllers were configured in a hierarchical order. The drawback of the     H   ∞     is that it has low sensitivity, meaning a high control output is required to achieve the desired output. To overcome this, the authors mixed     H   ∞     and H2 to increase the limit on the controller’s output, improving stability, tracking performance, and control output performance. Gonschorek and Bertram [47] designed the two-degree-of-freedom Linear Quadratic Gaussian Control (2-DOFLQG) that drives by additive white Gaussian noise. Their result shows good robustness, disturbance rejection, and tracking ability for the non-linear SbW actuator. A robust     H   ∞     controller [49] was able to compensate for disturbances, tire-road friction, the steering dynamic, and lagged sensor signal, and optimize the steering angle tracking for SbW.



A model-based control was used in [100] to cancel disturbances and improve the performance of an SbW. Li et al. [101] address the dead-zone phenomenon and actuator fault of SbW using the robust control technique with less computational energy consumed by employing the Lyapunov barrier function, ensuring that the system remains stable while avoiding violating constraints. In [95], Wang et al. improved the steering accuracy with a hybrid adaptive learning neural network via a sigmoid tracking differentiator (STD) and disturbance observer. This STD algorithm can give the smooth derivative estimation that is used to generate the angular velocity signal from front wheel position data, which is also able to reduce the redundancy of sensors for angular velocity. The neural network was able to estimate the friction torque and self-aligning torque where the accurate model is no longer required.



Sung et al. [14] explored the vectoring technique to turn the vehicle if steer-by-wire fails. Their approach is to use differential braking to reduce the force at either the right or left side of the vehicle. The brake force and other parameters are calculated using the Linear Quadratic Regulator (LQR) and applied according to the vehicle speed. An alternative solution for a complete failure of steer-by-wire hardware was presented in [102]. The solution is based on differential drive-assisted steering to produce a torque vectoring moment, which controls and stabilizes the vehicle with an MPC-based controller. This MPC is crucial to giving the vehicle stability when switching to the backup system in case the main stability control fails.



In [103], a performance-guaranteed adaptive backstepping switching controller (PABSC) is designed to control the dual motor steer-by-wire, ensuring high tracking performance under one actuator fault and guarantee performance during system switching. Choi et al. [104] presented an alternative to enhance the steer feel experience in the steer-by-wire system by employing the robust admittance controller that is based on the admittance model of the vehicle. An adaptive non-linear tracking controller was developed in [39] to represent the tire–road interaction in SbW accurately. Another approach in [105] which aims to improve the performance of the SbW system is to use the magnetic screw system to eliminate the friction in the rack and pinion that can cause the non-linearity of the model. This magnetic screw is also equipped with a constrained robust backstepping control (CFBC) to achieve more accurate steering and ensures robust performance in systems with constraints. The simulation result shows better performance than the PID controller with a smaller overshoot.



SbW redundancy backup systems were discussed in [14], where they developed a lateral steering moment by applying different brake forces on the left and right sides of the vehicle. To achieve that, Sung et al. used a Kalman filter-based state observer and the LQR controller, which, in the simulation, was able to perform lane-changing maneuvers in case of SbW failure. The LQR technique minimizes a quadratic cost function that considers both steering performance and brake force to provide an optimal feedback control solution. With the mechanical joint not present in the SbW vehicle, the driver cannot rely on visual information as feedback to have a road feel. To increase the driver’s feel, one study focused on developing artificial feedback for the SbW system in the form of haptic feedback [56] based on a classical controller. In order to provide real torque feedback, Yang et al. stated that one should consider key factors like the motor parameter, sampling error, and the performance of the control system. Table 4 summarizes the findings of this review of control techniques for SbW, provides an overview of a variety of control objectives in SbW, and presents the hybridization keynotes. An in-depth review of fault tolerant control in SbW has been conducted by Huang et al. [106].



The vast variety of control techniques used in SbW is a result of different studies that classified and modeled the SbW in different ways. This will affect the approach to which the suitable control technique is being used. The SbW non-linearity also adds to the complexion of the linear controller such as PID, while non-linear controllers, such as the sliding mode control, are often used to improve steering accuracy. Tracking accuracy is the most researched area in SbW and many controllers have focused on this issue. However, different cases in references push many studies to try different variations of sliding mode controllers in order to improve accuracy and reduce errors and chattering effects. The MPC-based controller offers good performance but is limited by the high computational cost. MPC variation shows good potential in handling the SbW tracking issue, making it a potential area of research in the future.





6. Challenges and Future Direction


To ensure the successful adaptation of the SbW technology, it is important to compare its features and challenges with those of the traditional steering system in terms of reliability. For example, traditional steering can still function somewhat even if another vehicle’s system fails, thanks to the physical connection between the steering wheel and the steering mechanism. However, a system failure in the full SbW system can render the steering non-functional and lead to a catastrophic accident. Some studies even suggest using redundant sensors, actuators, or controllers to prevent the worst outcome of SbW failure. Due to the nature of using electrical signals as a means of communication, SbW is also open to internal and external threats. Internal threats could be in the form of communication reliability issues and delays, as assessed in [109], or excessive ripple torque in SbW motors [40]. Meanwhile, cyber-attacks could come as an external threat [35].



Throughout this review, we can tell that a large portion of the control study focused on creating a high-performing steering system that is even better than traditional steering. Many also addressed the issue of safety, but still, not many focused specifically on the mitigation technique in the case of full SbW failure. We would argue that this area is craving more attention in order to increase the confidence level in applying the SbW in mass-production cars. Studies like [14,102] focused on this issue by presenting a clever steering solution in case of SbW failure by using a differential drive from an independent traction motor or using the differential brake force at the left and right side of the vehicle to create an emergency steering moment. Others, like [66], focused on developing a redundant system to keep the SbW functioning if one or more components in SbW fail. While the proposed methods are somewhat effective in changing the vehicle’s directions, the experimental result shows that there is a relatively large time delay and error in following the desired yaw rate [14] due to the uncertainties of the road surface modeling. Another potential solution that we think is worth exploring as a research topic is to equip the SbW system with an autonomous maneuver backup system that will be able to bring the vehicle to the safe side of the road if the SbW fails or combining the vehicle-to-vehicle communication to give way for the steering-failed vehicle. Although performance is important, future research should strike a good balance between safety and key performance to make wider acceptance of SbW technology.
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Figure 1. Evolution of steering technology. 
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Figure 2. Typical layout of the SbW. 
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Figure 3. Two-degree-of-freedom model of SbW. 
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Figure 4. The main objective of control in SbW. 
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Figure 5. Typical classical PID control diagram in SbW. 
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Figure 6. Typical sliding mode control diagram in SbW. 
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	Steering Type
	Key Technology
	Advantages
	Disadvantages





	Assist-less (manual)
	
	▪

	
Mechanical linkage of rack and pinion or recirculating ball bearing






	
	▪

	
Real steering feels for the road surface and wheel condition






	
	▪

	
Steer tends to be heavy




	▪

	
Slow response









	Hydraulic Power Steering
	
	▪

	
Mechanical linkage with hydraulic power assist






	
	▪

	
Turning the steering wheel becomes lighter






	
	▪

	
High energy consumption









	Electric Power Steering
	
	▪

	
Mechanical linkage with hydraulic power assist and an electric motor






	
	▪

	
The steering feel is much lighter




	▪

	
Low energy consumption






	
	▪

	
The energy consumption is lower than hydraulic power steering









	Electro-Hydraulic Power Steering
	
	▪

	
Assisted with electric pump for hydraulic system






	
	▪

	
Big assist torque




	▪

	
robust






	
	▪

	
Slow steering response









	Steer-by-Wire
	
	▪

	
No mechanical linkage, just an electrical connection between the steer and wheel actuator






	
	▪

	
The reduction in the number of steering components, thereby lowering the vehicle’s weight






	
	▪

	
Safety issue if the wire breaks
















 





Table 2. Steer-by-wire benefits related to emerging trends in automotive.
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	Emerging Trends
	Steer-by-Wire Benefits
	References





	Zero Emission Propulsion
	
	▪

	
Easy integration with EVs




	▪

	
Reduce the vehicle’s weight




	▪

	
Increase efficiency




	▪

	
Reduce power consumption




	▪

	
Environmental safeguard






	[9,26,28,30,31]



	Internet of Things
	
	▪

	
Real-time monitoring and diagnostic of the vehicle




	▪

	
Integration with propulsion, brakes, and other vehicle systems (X-by-wire)




	▪

	
Easy performance tuning via software






	[31,32]



	Driver’s Safety
	
	▪

	
High steering ratio: easy maneuvering at low speeds




	▪

	
Flexible steering design to improve crash performance




	▪

	
Lateral vehicle control interventions




	▪

	
Improve driver’s ergonomics




	▪

	
Enhance the vehicle’s maneuverability




	▪

	
4 wheels independent steering system




	▪

	
Reduce the danger of crash because of the absence of the steering column






	[9,21,28,33,34,35,36,37,38,39]



	Artificial Intelligence
	
	▪

	
Automatic steering based on the driver’s condition




	▪

	
Enhance driver’s comfortability




	▪

	
Adaptive cruise




	▪

	
Automatic driving




	▪

	
Lane changing assist






	[9,21,40,41,42]
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	References
	SbW Module Classification
	Function





	[43]
	
	▪

	
Steering wheel module




	▪

	
Electronic control unit




	▪

	
Steering module






	
	▪

	
Transmit the driver’s intention and provide a road sense




	▪

	
Process the sensor data and calculate the appropriate actuator command




	▪

	
Achieve the steering angle based on the driver’s intention









	[37]
	
	▪

	
Steering wheel module




	▪

	
Steering execution module




	▪

	
Control module




	▪

	
Fault-tolerant module




	▪

	
Power module






	
	▪

	
Acquired the driver’s desired steering angle




	▪

	
Achieve the driver’s desired steering angle




	▪

	
Process the sensor data and vehicle dynamics




	▪

	
Dual motor as hardware redundancy in case of fault




	▪

	
Provide power to the entire steering system









	[44]
	
	▪

	
Driver feedback module




	▪

	
Steering module




	▪

	
SBW control module






	
	▪

	
Receive command from the SbW control module and provide feedback to the driver about the road condition




	▪

	
Receive command from the SbW control module and turn the vehicle wheels to the desired position




	▪

	
Receive the driver input, perform actuator control, steering angle calculation, and overview the whole SbW system









	[9,45]
	
	▪

	
Steering wheel subsystem




	▪

	
Front wheel subsystem






	
	▪

	
Provide steering reference angle, return the steering, and provide road feel to the driver




	▪

	
Achieve the wheel angle based on the steering reference angle









	[19]
	
	▪

	
Front steer actuator




	▪

	
Driver interface system




	▪

	
Independent rear steer






	
	▪

	
Achieve the desired wheel angle and provide the positional information of the wheel




	▪

	
Take the driver’s command and provide the feedback torque to the driver




	▪

	
Track the front steer actuator and calculate the rear-to-front steer ratio









	[28]
	
	▪

	
Controller subsystem




	▪

	
Handwheel subsystem




	▪

	
Roadwheel subsystem






	
	▪

	
Calculate the feedback torque force and road-wheel angle command.




	▪

	
Facilitate the driver input and provide the appropriate torque feedback




	▪

	
Achieve the desired wheel angle









	[21]
	
	▪

	
Hand wheel side




	▪

	
Road wheel side






	
	▪

	
Provide the driving feedback torque and self-centering feedback




	▪

	
Translate the driver input into wheel movement









	[46]
	
	▪

	
Independent steering system




	▪

	
Steering feel feedback system




	▪

	
Microcontroller unit (MCU)






	
	▪

	
Respond to the steering wheel command




	▪

	
Provide the road–wheel interaction feedback to the driver




	▪

	
Combine the sensor signal and calculate the corresponding torque feedback









	[47,48,49]
	
	▪

	
Handwheel actuator (HWA)




	▪

	
Front axle actuator (FAA)






	
	▪

	
Provide force feedback to the driver




	▪

	
Steering the road wheel according to the measured handwheel angle









	[50]
	
	▪

	
Steering feedback unit




	▪

	
Steering rack unit






	
	▪

	
Generate steering feedback feel for the driver




	▪

	
Turn the road wheel to the desired angle according to the steering wheel angle









	[51]
	
	▪

	
Steering wheel unit




	▪

	
Electronic control unit




	▪

	
Steering actuator unit






	
	▪

	
Facilitate the driver input and provide the road–wheel interaction feedback




	▪

	
Monitor the wheel angle and give the command to the actuator and feedback motor




	▪

	
Achieve the desired wheel angle









	[31]
	
	▪

	
Steering Wheel System




	▪

	
Front Wheel Steering System






	
	▪

	
Give the input signal to the front wheel steering system and provide the torque feedback for the driver




	▪

	
Track the motion of the steering wheel system to move the vehicle wheel









	[52]
	
	▪

	
Road Feeling Module




	▪

	
Steering Execution Module






	
	▪

	
Provide the road–wheel interaction feeling to the driver




	▪

	
Execute the command to turn the vehicle wheels









	[53]
	
	▪

	
Handwheel subsystem




	▪

	
Steering actuation subsystem






	
	▪

	
Give the steering feel




	▪

	
Execute the steering action









	[54]
	
	▪

	
Steering wheel subsystem




	▪

	
Roadwheel subsystem




	▪

	
Electronic control unit






	
	▪

	
Delivering road conditions to the driver and facilitating driver command




	▪

	
Read the road condition through various sensors and execute the driver command




	▪

	
Generate control signals









	[55]
	
	▪

	
Steering wheel module




	▪

	
Actuator module




	▪

	
Vehicle control unit






	
	▪

	
Detects angle and torque signal




	▪

	
Realize the driver steering angle input




	▪

	
Controls the actuator motor and the feedback motor
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SbW Improvement Goal

	
Control Techniques

	
Keynote






	
Accuracy

	
PID [9]

	
Able to follow the reference accurately




	
PD [76]

	
Combining with a low-pass filter, it can track the reference without information on road condition




	
Nested Adaptive Super Twisting Sliding Mode (NASTSM) [33]

	
High tracking precession and robustness




	
Improved terminal sliding mode control (ITSMC) [52]

	
Small oscillation and tracking errors




	
Integral sliding mode control [84]

	
Able to reduce the chattering effect




	
Model-tuned predictive backstepping control (mtPBC) [90]

	
Low mean absolute error, integral square error, and root mean square error




	
Synergistic Predictive Fusion Control (SPF) [46]

	
Improve response speed and accuracy while reducing errors




	
Variable horizon robust model predictive control (VHRMPC) [64]

	
Minimize side-slip and yaw rate error




	
MPC [81]

	
Suitable for differential steering for emergency backup of SbW




	
Swarm-based fuzzy [107]

	
Suitable for two steering ratios




	
Event-triggered finite time fuzzy [67]

	
Stable with near zero tracking error in finite time




	
Fuzzy-PID [93]

	
High adaptability and precision.

Quick response with a small overshoot




	
Backstepping (constraint feedback robust control) [105]

	
Slightly slower response compared to standard PID




	
    H   ∞      /   H   2     [37]

	
Upper layer control in dual motor




	
Neural output feedback control [97]

	
Low root means square error compared to ANN




	
Complete model-free integral reinforcement learning (CMFIRL) [43]

	
Good tracking with fault-tolerant ability




	
Robustness

	
Integral sliding mode with barrier function (ISMbf) [86]

	
Eliminate the chattering effect




	
Sliding mode speed synchronization [37]

	
Dual motor speed synchronization




	
Event triggered sliding mode control [96]

	
Able to deal with the time-varying perturbation, actuator fault, and chattering phenomenon




	
Sliding mode predictive control (SMPC) [45]

	
Handle non-linearities and force the state into sliding mode without chattering




	
Robust sliding mode control [60]

	
Works well against uncertain parameters and disturbances




	
Model predictive envelope controller [88]

	
Give maximum handling capability while keep it inside the stable region




	
PI [75]

	
Yaw stability and speed feedback controller for dual motor SbW




	

	
Model-based control [100]

	
Able to cancel disturbance




	

	
Sliding mode control [87]

	
Reduce high-frequency chattering and fluctuation of motor speed and torque.




	
Steering Feedback

	
PID [73]

	
Control the tracking and feedback of dual motor




	
PI [74]

	
Able to track the steering map torque




	
Admittance model with robust control [104]

	
Adjustable stiffness coefficient but with robustness concern




	
Performance guaranteed adaptive backstepping control (PABSC) [103]

	
Accurate and responsive, especially for switching cases in the dual motor SbW system




	
Adaptive preview Model Predictive Control with switcher-assisted training algorithm [99]

	
Reduce mean absolute error and root mean square error




	
Gaussian process regression (GPR) [68]

	
Can be trained faster than ANN




	
Fault Detection

	
Delta operator MPC [91]

	
Able to deal with high sampling rates




	
Fault tolerant [77]

	
Works well for multi-motor SbW




	
1DCNN-LSTM [58]

	
Improving the accuracy of fault diagnosis




	

	
Sliding mode predictive control (SMPC) combined with chaos particle swarm optimization [51]

	
Detect the actuator fault and work well under uncertainties model




	

	
Lyapunov barrier function [37]

	
Consumed less computational energy




	

	
PI [40]

	
Torque control in BLDC steering motor




	

	
Composite degradation model [54]

	
Intermittent fault diagnosis




	

	
Finite-time adaptive fuzzy [108]

	
Deals with unmeasurable states and intermittent actuator fault




	

	
Model-based fault detection [66]

	
Provide an extra layer of redundancy
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