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1. Introduction
Suspension is an important component of any vehicle. It refers to the system of spring, shock absorbers, and linkages that connect a vehicle to its wheels and helps to absorb shocks and vibrations during driving. In SUVs, suspension is particularly important because of their larger size and weight. Without proper suspension, an SUV can feel unstable and uncomfortable to drive, especially on rough terrain or uneven road.
Suspension systems are classified in to three categories, (1) Passive suspension system (2) Semi-active suspension system, and (3) Active suspension system. A passive suspension system comprises a spring and a damper having fixed characteristics. A semi-active has the ability to modulate the damping coefficient of a damper but the direction of the damping force is dependent on the relative velocity across the sprung mass and unsprung masses. In case of an active suspension system, an anti-roll bar is incorporated that provides force without being influenced by relative velocity. 
The purposes the suspension system are:
To isolate the vehicle from uncomfortable vibrations transmitted from the road through tyres,
To enable the driver to maintain control over the vehicle by transmitting control forces to the tyres.
Designing a suspension system for a particular road type is not a significant challenge, as a stiff suspension can be used for a racing car on a smooth road track, while a soft suspension with large wheel travel is used for an off-road vehicle that requires good ride comfort and off-road capabilities. However, the challenge arises when an off-road vehicle with good handling capabilities is requires, as in the case of sport utility vehicles (SUVs).
SUVs have become increasingly popular in recent years, appealing not only to people living in rural areas but also to city dwellers who rarely encounter rough roads. Despite this, SUVs are typically designed for off-road use, with a high centre of gravity due to their increased ground clearance, soft suspension system and large wheel travel to ensure ride comfort and traction on all wheels. These characteristics can lead to poor handling, even on flat roads, which can be a safety concern for SUV drives who expect sedan-like handling.
As a result, there is a need for further research into the safety aspects of SUVs and how their handling can be improved to meet the expectations of drivers.
The objective of this paper is to understand and optimize the efficient operation of an anti-roll bar with active and passive suspension system and its effect on ride control and comfort. Understanding active and passive anti roll bar suspension system requires more attention due to instantaneous position of sprung mass of the vehicle. This modelling and simulated analysis can outline the recommendation on anti-roll bar design for better handling and comfort for the SUVs.

1.1 Statistics about handling accidents and Roll-over
The third Global Ministerial Conference on Road Safety was held in Stockholm, Sweden in February 2020. At this conference, all the participants reaffirmed their strong commitment for achieving the goal of reducing road accident-related deaths by at least 50% by 2030. Road traffic continues to be a major developmental issue, a public health concern and is a leading cause of death and injury across the World killing more than 1.35 million globally as reported in the Global Status report on Road Safety 2018 with 90% of these casualties taking place in the developing countries. To overcome this problem, there still needs to be more perfection and security in the field of transportation. National Highway Traffic Safety Administration (NHTSA) provides data on rollover fatalities by vehicle type, the percentage of rollover fatalities for each vehicle type from 2000 to 2020 in the US is represent in Figure 1.
[image: ]
Figure 1: The percentage of rollover fatalities per million registered vehicles for different type of vehicles in the United States, from 2000 to 2020. (NHTSA data) 
From Figure 1, The vehicle with higher centre of gravity experienced more fatal accident as compared to other vehicles. From Figure 2, increment in purchasing SUVs over last 20 year in the US also needs attention on the improvement in road handling to prevent rollover fatalities. 
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Figure 2: SUVs popularity over last 2 decades (statista.com accessed on March 2023)
According to a report by the National Highway Traffic Safety Administration (NHTSA), the average cost of a fatal rollover accident in 2010 was around $1.2 million, while the average cost of a non-fatal rollover accident was approximately $63,000. In addition, according to the National Highway Traffic Safety Administration (NHTSA), rollover accidents accounted for approximately 24% of all passenger vehicle fatalities in the United States in 2019.Due to these substantial costs, and death of people, there is significant interest in active roll control systems for SUVs vehicles. 
[image: ]Figure 3: An Example of SUV Roll-over accident



2. Industrial Relevance
The study on the comparative analysis of active and passive anti-roll control for vehicle sprung mass has significant industrial relevance. The findings of this study could help automobile manufacturers in designing and developing more effective and efficient suspension systems for their vehicles. The use of active anti-roll control can significantly enhance the handling and stability of a vehicle, which is a key concern for both passenger and commercial vehicles. Moreover, the study's comparison of active and passive systems could provide valuable insights for manufacturers in determining the most appropriate type of anti-roll control for their vehicles, based on factors such as cost, performance, and energy consumption. Overall, this study can have practical implications for the automobile industry, leading to the development of safer and more comfortable vehicles for consumers.
3. Literature Review
Active roll control systems were first conceived of as early as 1961, when Daimler-Benz in Germany filed the first active roll patent. Their system employed rotary hydraulic actuators mounted on each anti-roll bar, with proportional valve-controlled flow. However, the development of such systems did not progress significantly before 1970s due to the limited reliability of sensors, computer technology, and electronic components at that time. 
Cĕch studied on a linear full-car model of a vehicle, examining both static and dynamic suspension control for both vertical and lateral inputs. He compared the performance of passive, self-levelling, and active suspensions and discovered that the use of active suspension systems can enhance the roll dynamics of the vehicle. However, he noted that this improvement comes at the cost of reduced static performance in the vertical response, which can result in a less comfortable ride behaviour.
Darling et al. conducted research on a theoretical and experimental prototype of an active roll control system for passenger cars. The system employed one anti-roll bar per axle, with hydraulic rotary or linear actuators and a single proportional valve for control. Their findings indicated an improved roll performance, with excellent steady state and dynamic roll cancellation capabilities within a lateral acceleration range of ±0.5g. However, they noted that this improved performance came at the expense of reduced ride comfort. The active roll control system also influenced the handling characteristics of the vehicle, particularly in terms of lateral load transfer distribution and roll moment capacity, which were largely dependent on system cost and power consumption, including actuator size.
Reusing et al. developed a low-cost active suspension system, named Active Roll Stabilisation (ARS), for Sachs-Boge AG. The system utilized a stabilizer bar or anti-roll bar, which was equipped with a rotary actuator and tested on a Renault Espace. The system's ability to eliminate roll angle and consume low amounts of energy resulted in notable improvements in both handling and comfort.
Sharp and Pan examined the use of electro-hydraulic actuation of an anti-roll bar that was fitted with rotary actuators and utilized lateral acceleration feedback to reduce body roll response. Their mathematical model indicated a significant reduction in body roll response to steering control inputs.
Williams and Haddad created a nonlinear controller to adjust the roll moment distribution between the front and rear axles, which enhanced the handling dynamics of the vehicle. By eliminating body roll, the active suspension mitigated the impact of sprung mass dynamics and camber changes on the vehicle's handling.
Yu and Crolla introduced an optimal self-tuning control algorithm for active vehicle suspension based on the Linear Quadratic Gaussian (LQG) theory. The algorithm aimed to minimize body acceleration and maintain the suspension working space and dynamic tire deflection within the required range for a broad range of input conditions (such as road roughness and vehicle speed) and vehicle parameters (including variations in body mass and tire stiffness). Their comparison of the fixed gain controller and the self-tuning approach revealed significant improvements.
Snell conducted research on roll control for a tall, narrow vehicle that tilts into turns like a motorcycle by creating an active roll moment about the pivot axis between the non-tilting base and the tilting upper body. He explored two control strategies, Steering Tilt Control (STC) and Direct Tilt Control (DTC), to achieve vehicle stability at low speeds and during cornering.
The active anti roll bar system improved vehicle stability and reduced body roll during cornering and two-line change overtake to the passive anti roll bar system in heavy-duty vehicles (Van Tan Vu and Ngok Tuan Vu, 2023). Also, the number of sensors used in active suspension system can affect on the efficiency of handling and roll control. Vu and Vu (2023) found that using two sensors of the suspension roll angle sensors increased the efficiency by about 20% compared to the basic robust controller. 
[image: ]Figure 4: Roll angle response of the truck on active and passive anti-roll bar system in a double lane change to overtake manoeuvre (Van Tan Vu and Ngok Tuan Vu, 2023).

4. Proposed Methodology
To simulate and analyse the performance of an active and passive anti-roll control on the vehicle sprung mass, series of mathematical models should be created in the Simulink as well as CarSim software. The main research direction related to an active and passive anti roll bar suspension system on SUVs are mentioned as follows:
4.1 Building vehicle model
The models utilized in this study comprise the roll model, the yaw-roll model, and the actuator model. These models provide insight into the stabilizing moment generated by the active antiroll bar system and its impact on both the sprung and unsprung masses in the roll plane. The primary control signal is represented by the torque of the active anti-roll bar system, or the input current provided to the system, when coupled with the actuator model.
4.2 Controller designing
This study briefly outlines some of the control methods that have been employed for the active antiroll bar control system in SUVs. These include:
(1) Optimal control: Sampson and Cebon proposed a state feedback controller that utilized a linear quadratic regulator (LQR) to design an optimal controller for single-unit and heavy articulated vehicles. The LQR was also applied to an integrated model, which included an electronic servo-valve hydraulic actuator model and a yaw-roll model of a single-unit heavy vehicle. The input current of the electronic servo-valve serves as the input control signal.
(2) Neural network control: To enhance the roll stability of a single-unit heavy vehicle, a reinforcement learning algorithm utilizing neural networks was proposed.
4.3 Controller
Gaspar et al. employed linear parameter-varying techniques to regulate active anti-roll bars combined with active brakes on a heavy single-unit vehicle, with the forward velocity as the varying parameter. To enhance the roll stability of a vehicle, a robust control method is applied to its active anti-roll bar system. The lateral acceleration sensor and velocity of the sprung mass roll angle are typically used as sensors. When a vehicle approaches a lateral instability state, the lateral acceleration value increases rapidly, and the lateral acceleration sensor, being inexpensive and highly precise, is the most commonly used sensor for controlling the active anti-roll bar system. The velocity of the sprung mass roll angle sensor is also frequently used for this purpose. 

4.4 Software selection
To conduct a comparative study of active and passive anti-roll bars for sprung mass control, I need to use different types of software depending on the specific methods I use. Here are some software options that I find useful:
Simulation software: I use simulation software such as MATLA/Simulink to model and simulate the behaviour of the suspension system with active and passive anti-roll bars. These software programs can help you predict the performance of the suspension system and analyse the effects of different variables.
Data analysis software: To analyse the data collected from experiments or simulations, need to use statistical software such as Excel. These software programs can help to organize and analyse the data to draw meaningful conclusions.
CAD software: If needed to design or modify the anti-roll bars, I use computer-aided design (CAD) software such as AutoCAD. These software programs can help to create 3D models of the anti-roll bars and visualize their design and performance.
Programming software: I need to program controllers for active anti-roll bars, need to use programming software such as MATLAB or Simulink. These software programs can help in designing and test control algorithms for the active anti-roll bars.

4.4.1. MATLAB / Simulink
Simulink is a simulation and modelling tool developed by MathWorks. It is widely used in engineering, science, and other technical fields for modelling, simulating, and analysing complex systems. Simulink provides a graphical user interface (GUI) for building models using block diagrams that represent various system components and their interconnections.
Simulink has many applications, including control systems, signal processing, communication systems, and image processing. With Simulink, I  can model and simulate dynamic systems, perform parameter sweeps and optimization, and design and test control algorithms.
One of the advantages of using Simulink is that it allows you to create complex models quickly and easily by dragging and dropping pre-built blocks from a library of blocks. These blocks can represent various components, such as sensors, actuators, controllers, and plant models. I  can customize the properties of these blocks to create a model that closely matches the real-world system you want to simulate.
Simulink also supports code generation, which allows you to automatically generate code from Simulink model for use in embedded systems or standalone applications. This can save time and reduce errors in the development process.
In the context of a comparative study of active and passive anti-roll bars for sprung mass control, Simulink can be used to model and simulate the suspension system with different types of anti-roll bars. I  can use Simulink to simulate the behaviour of the system under different conditions, such as different road profiles or driving manoeuvres, and compare the performance of active and passive anti-roll bars. I  can also use Simulink to design and test control algorithms for active anti-roll bars and evaluate their effectiveness in reducing body roll and improving handling.

4.4.2. CarSim
CarSim is a vehicle dynamics simulation software developed by Mechanical Simulation Corporation. It is a comprehensive tool for simulating and analysing the behaviour of various types of vehicles, including passenger cars, trucks, buses, motorcycles, and even spacecraft.
CarSim uses a 3D multibody dynamic modelling approach to simulate the motion and behaviour of a vehicle. It includes detailed models of the vehicle's suspension, steering, brakes, tires, engine, and other components. These models are based on physical principles and data from real-world testing and can be customized to match the specific characteristics of a particular vehicle.
With CarSim, I  can simulate a wide range of vehicle maneuvers and conditions, such as straight-line driving, cornering, braking, acceleration, and road irregularities. I  can also analyse various performance metrics, such as ride comfort, handling, stability, fuel economy, and emissions.
CarSim includes a user-friendly graphical interface that allows you to build and modify vehicle models, define driving scenarios, and visualize simulation results. It also supports integration with other software tools, such as MATLAB and Simulink, for advanced analysis and control design.
In the context of a comparative study of active and passive anti-roll bars for sprung mass control, CarSim can be used to simulate and analyse the behaviour of the suspension system with different types of anti-roll bars. I  can use CarSim to simulate the vehicle's response to different road conditions and driving manoeuvres and compare the performance of active and passive anti-roll bars in terms of handling, stability, and ride comfort.

5. Evaluation
The project will be done by modelling and simulating by using software such as Matlab, Simulink and CarSim over different driving conditions like fast cornering, double line change takeover, slalom drive. After completion of simulation, a huge amount of data can be obtain, which helps to compare active and passive anti roll bar suspension system in different changing parameters like anti roll bar design, which will be used to improve anti roll bar design and improve ride control and comfort.
The project's limitations mainly stem from the software's capabilities for developing controller models. These limitations consist of the inability to model an open system using real time controller in Matlab and simulink, the possibility of inaccurate controller modelling if approached incorrectly in matlab code, and the challenge of devising a valid modelling approach in simulink. Additionally, it has been found that running intricate models through these software programs can be computationally and time-intensive. As the models will be developed with these limitations in mind, the impact of these limitations is likely to be reduced, and a simulation model that generates reasonably accurate results will be produced.



6. Project Timeline
Top of Form
Bottom of Form

In order to facilitate the smooth execution of the proposed project, a Gannt chart has been created to outline the timeline of each task. This chart will aid in identifying critical areas of the project and enable a seamless progression of work. Additionally, the Gannt chart provides a clear overview of the crucial tasks that can be completed in parallel, thereby improving time management throughout the project. 
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Description automatically generated]Figure 7: Project timescale depicted by the Gannt chart. 
The Gannt chart reveals that the majority of the tasks can be executed concurrently, which should increase the probability of completing the project on time and achieving the desired outcomes. 
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