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            Abstract
          
        

        
          An accurate measurement of the roll angle or roll rate is important in RSC(Roll Stability Control) research. It can be measured directly only with expensive measuring equipment like INS(Inertial Navigation System) or dual-antenna GPS. Moreover, the estimation approach requires vehicle parameters, including cornering stiffness, spring coefficient, and damping coefficient. This paper proposes a technique to estimate roll rate without vehicle parameter information through transfer function estimation. By using dynamic models, a transfer function is derived to describe the relation between the roll rate and the yaw rate. Driving data for step steer, double lane change, lane change, and sine sweep scenarios are used, and a multi-model estimator is designed to secure estimation performance at various speeds. The proposed method is verified by simulation and real vehicle experiments.
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      1. Introduction
      With the development of vehicle electrification technology, there is a growing expectation from consumers for standards of electronic control safety, driver assistance systems and autonomous driving technology suitable for specific driving scenarios. In line with this trend, driving safety, which is directly related to the lives of passengers, has naturally become a key issue in the automobile industry. The rollover phenomenon of a vehicle, in particular, greatly threatens driving safety. This occurs quite frequently during traffic accidents, and causes fatal injuries in most situations.1) Thus, efforts continue to be made to research and develop Roll Stability Control(RSC) to prevent rollover.2-5) Yuan et al.2) conducted a study to prevent rollover phenomenon using model-based torque vectoring control, while Riofrio et al.3) conducted a study to implement RSC using an LQR(Linear Quadratic Regulator)-based active suspension controller. As such, RSC research using various methods is progressively underway. In addition, in vehicles with a relatively high roll center, such as SUVs, roll motion influences ride comfort, so RSC has become an important research field in terms of vehicle safety as well as ride comfort.

      Accurate measurement and estimation of roll angle or roll rate are essential for RSC research and development, which can be measured directly using expensive measurement equipment such as INN or dual-antenna GPS.6) Accordingly, research on roll estimation techniques is being actively carried out, and they are largely divided into a method using a model-based state estimator and an estimation method using sensor fusion.

      A Kalman filter based on roll dynamics is generally designed in developing a model-based roll state estimator.7,8) On the other hand, since the general Kalman filter assumes linear dynamics, it is not suitable as a state estimator when roll dynamics involving nonlinearity are adopted. To solve this problem, estimation methods have been proposed using linear roll dynamics or EKF(Extended Kalman Filter) and UKF(Unscented Kalman Filter) that can be used for nonlinear models.9,10) However, these methods pose the disadvantage of needing to know vehicle parameters such as cornering stiffness, roll center height, spring coefficient, and damping coefficient, making it difficult to use them in situations where such vehicle specifications are not known.

      There is also a sensor combination method using various sensors commonly used in vehicles. Jiang et al11) proposed a method for estimating roll using a combination of an accelerometer and a suspension deflection sensor. There is also a sensor combination method using various sensors commonly used in vehicles. However, since the suspension deflection sensor is expensive and it is not generally attached to mass-produced vehicles, its universal use is difficult. Although research has been conducted to converge low-cost GPS sensors and sensors commonly attached to vehicles, such as IMUs(Inertial Measurement Units),12) in the case of a GPS sensor, the method poses of the risk of possible errors occurring greatly in an environment that affects the signal of a satellite, such as a situation in a city center with high-rise buildings.

      This study proposes an estimation technique that simulates roll motion using only vehicle experimental data without vehicle specification information. The roll rate output transfer function for the yaw rate input was derived using a dynamic model, and a multi-model estimator for each speed was designed to improve the estimation accuracy. The performance of the proposed algorithm has been verified through simulation and actual vehicle experiments. Its estimation performance was quantitatively expressed through RMSE(Root Mean Square Error) evaluation.

    

    

  
    
      2. Modeling
      This section describes the process of expressing and combining the yaw rate motion and roll rate motion of a vehicle in the form of a transfer function. To make the roll rate output model for the yaw rate input, the 2-dof bicycle model was used for the yaw rate motion model, while the approximated roll plane model was used for the roll rate motion model.
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          Approximated roll plane model
        
        

        

      

      A transfer function represents the relationship between the system input and output, and can relatively simplify complex expressions. In particular, the transfer function has the advantage that it can be expressed in a desired form by transforming it in such a way that it erases the input and output of the derived system.

      Converting Equations (1) and (2) into a transfer function form is as carried out as follows. Equation (3), which is the yaw rate output for steering input from the 2-dof bicycle model, and Equation (4), which is the roll rate output for lateral acceleration input from the approximated roll plane model, can be obtained.
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      Using Equation (1) and Equation (5), the lateral acceleration output for the steering input can be expressed as follows.
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      In Equation (6), ayrs can be expressed as follows by removing the common elements of ayδfs and δfrs and multiplying them.
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      By expanding the obtained expression, the transfer function ϕ˙rs can be calculated as follows.
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      The model can be expressed in the form of a transfer function having 3 poles and 3 zeros. In this paper, a transfer function expressing the roll rate was derived based on these physical expressions.

    

    

  
    
      3. Model Identification
      This section describes the process of identifying the transfer function model using the driving data.

      
        3.1 Vehicle Dataset Selection and Model Identification
        To improve the accuracy of the roll rate model in various situations, driving data for step steer, double lane change, lane change, and sinesweep scenarios were used. Fig. 3 below presents sample driving data for 30 km/h speed.

        
          Table 1 
				
          

          
            Working data for transfer function identification
          
          

        

        
          
            
              	Scenario
              	SWA [deg]
              	Velocity [km/h]
            

          
          
            	Step steer
            	1∼90
            	30∼100
          

          
            	Double lane change
            	-
            	30∼100
          

          
            	Lane change
            	-
            	30∼100
          

          
            	Sinesweep
            	30
            	30∼100
          

        

        

        
          
          

          Fig. 3 
				
          

          
            Input output profile of working data(30 km/h)
          
          

          

        

        In order to express a change in roll rate with respect to the yaw rate as a model, 15 data sets were merged for each speed from 30 km/h to 100 km/h. Thus, a total of 150 data sets were used as working data. The experimental data sets were implemented through commercial software CarSim,13) while model identification was performed using the System Identification tool of MATLAB.14)

      

      
        3.2 Multi-model Estimator Design by Speed
        A difference occurs between yaw motion and roll motion based on speed. Thus, the roll rate estimation accuracy was improved by designing a multi-model estimator for each speed using the previously generated transfer function model.	The conceptual diagram for this is shown in Fig. 4 below.	By varying the model for each speed, an estimator that uses the vehicle’s yaw rate and Vx as inputs was designed.

        
          
          

          Fig. 4 
				
          

          
            Structure of multi-model estimator
          
          

          

        

      

    

    

  
    
      4. Discussion
      This section deals with model identification results, simulation verification results, and actual vehicle test results.	In order to verify the performance of the proposed estimator, simulation and actual vehicle experiments were conducted.	Simulation verification was performed through scenarios not included in the 150 data sets used for transfer function identification and through CarSim’s Handling Course driving scenarios.

      
        4.1 Model Identification Results
        The transfer function results obtained by collecting driving data for each speed mentioned in 3.1 are as follows.	For the double lane change scenario with the largest amplitude among driving data, the speed of 30 km/h, 50 km/h, 70 km/h, and 90 km/h are shown below.

        
          
          

          Fig. 5 
				
          

          
            Transfer function identification result
          
          

          

        

        It was confirmed that the model identified in the form of 3 poles and 3 zeros in the proposed Equation 8 simulates the roll rate well. Therefore, it was considered possible to design a roll rate estimator with excellent performance using only experimental data.

      

      
        4.2 Simulation Results
        To check the estimation performance in more diverse situations, the estimation performance in the sine steer scenario not included in the working data was checked.	Simulation verification of driving at various speeds in CarSim’s handling course with various curvatures was also performed.

        As a result of the verification, it was confirmed that the roll rate estimation performance of the estimator was excellent even in the sine steer scenario, which was not used for transfer function identification. The performance of the multi-model estimator was confirmed by confirming that the estimator was working well even when the speed changed.

        It was also confirmed that excellent estimation results were obtained even when driving at various speeds and various curvatures, as shown in Fig. 7 The RMSE value in the handling course was 0.0764, which quantitatively verified that the estimator for the roll rate works well.	Thus, the effectiveness of the estimator designed and proposed in this study using only experimental data without knowing the spring coefficient and damping coefficient was confirmed.

        
          
          

          Fig. 6 
				
          

          
            Validation result: sine steer scenario
          
          

          

        

        
          
          

          Fig. 7 
				
          

          
            Validation result: Handling course scenario
          
          

          

        

        
          
          

          Fig. 8 
				
          

          
            Experiment result
          
          

          

        

      

      
        4.3 Actual Vehicle Test Results
        An actual vehicle experiment was performed to check whether the proposed logic works well. The roll rate estimator was designed using the same process as the previous simulation. For real-time algorithm implementation, dSpace’s Micro Autobox was used, while OxTS’ RT3000 was used for the measurement. For logging of the experimental results, Vector’s CANoe equipment was used. RMSE was used to quantify the estimation error of the experimental results, while the square root was obtained by dividing the sum of the squared errors of each step by the number of samples.	The definition for this is shown in Equation (9) below. The RMSE values for each scenario are summarized in Table 2, and if it is less than 1.3, it is assessed to be appropriate.15)
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          Table 2 
				
          

          
            RMSE of experiment result
          
          

        

        
          
            
              	Scenario
              	RMSE
            

          
          
            	Double lane change 1
            	1.1722
          

          
            	Double lane change 2
            	1.0083
          

          
            	Double lane change 3
            	0.9324
          

          
            	Lane change
            	0.7012
          

          
            	Sine steer 1
            	1.2568
          

          
            	Sine steer 2
            	0.7045
          

        

        

        Results of the experiment confirmed that the proposed roll rate estimator works well in real vehicles since the RMSE values are sufficiently small.

      

    

    

  
    
      5. Conclusion
      In this study, an estimator was designed for estimating the roll rate when spring coefficient and damping coefficient values are not given and using the transfer function estimation technique. Using driving data for step steer, double lane change, lane change, and sinesweep scenarios, a transfer function with yaw rate as input and roll rate as output was obtained for each speed. A multi-model estimator was also designed to secure estimation performance at various speeds.

      Through simulation verification, the effectiveness of the methodology proposed in this paper was confirmed. The difference between the value measured at RT and the proposed algorithm was quantified as RMSE through the actual vehicle experiment, proving that the roll rate estimation algorithm works well in real vehicles.

      Based on the algorithm for estimating the roll rate with only the Vx and yaw rates that can be measured in general vehicles, the proposed algorithm can be used as an alternative when vehicle specification information about the values of spring coefficient and damping coefficient is insufficient or cannot be measured.

    

    

  
    
      Nomenclature
      
        
          	
          	
        

        
          	
            a : 
          
          	
            acceleration expressed in inertial coordinate system, m/s2
          
        

        
          	
            α : 
          
          	
            lateral slip angle at tire, rad
          
        

        
          	
            V : 
          
          	
            velocity expressed in inertial coordinate system, m/s
          
        

        
          	
            r : 
          
          	
            yaw-rate expressed in inertial coordinate system, rad/s
          
        

        
          	
            C : 
          
          	
            cornering stiffness of tire, N/rad
          
        

        
          	
            m : 
          
          	
            total vehicle mass, kg
          
        

        
          	
            ms : 
          
          	
            vehicle sprung mass, kg
          
        

        
          	
            I : 
          
          	
            mass moment of inertia, kgm2
          
        

        
          	
            b : 
          
          	
            distance from front wheel center to mass center, m
          
        

        
          	
            c : 
          
          	
            distance from rear wheel center to mass center, m
          
        

        
          	
            δ : 
          
          	
            wheel steer angle, rad
          
        

        
          	
            Φ : 
          
          	
            roll angle of sprung mass, rad
          
        

        
          	
            hcr : 
          
          	
            distance from the sprung mass center to the roll center, m
          
        

        
          	
            g : 
          
          	
            gravitational acceleration, m/s2
          
        

        
          	
            KΦ : 
          
          	
            total torsional stiffness of suspension, Nm/rad
          
        

        
          	
            CΦ : 
          
          	
            total torsional damping of suspension, Nms/rad
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