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1) [bookmark: _Toc67229372]Introduction
The optimization of race car dynamics consists of constant testing and data analysis. The fundamental task of a vehicle dynamicist is to maximize both lateral and longitudinal accelerations the vehicle is capable of generating, through the maximisation of the tyre forces (Campbell-Brennan, 2014). Over the years, race teams have developed a very good understanding of how to utilise numerous different computational tools to aid in their design and development of their overall performance. The introduction of lap-time simulation packages gives teams the freedom of examining every minor detail they believe that will make a difference. Thus, reducing the time spent in testing and the cost of new physical concepts. 
The first phase of this project is to successfully model a Sports 2000 Prototype Race car in the vehicle simulation software, Vi-Grade. In order to do this, the vehicle’s physical parameters will need to be implemented into the software using the Vi-SuspensionGen, ensuring full accuracy of these measurements. Once the vehicle kinematics, aerodynamic properties, and its tyres are correctly modelled it is then onto the validation process. This is where its data will be validated against the real life data obtained by the on-board data acquisition system. This will provide evidence that the model is an accurate representation of its physical counterpart. This is a very crucial process that needs to be addressed as this is what determines whether the vehicle model is acceptably accurate before changing any variables (Balkwill, 2018). 
Once the vehicle is validated, the investigation into the effects of the spring rates, ARB’s and bump-stops can begin. The use of Box-Behnken’s design of experiment will be implemented in order to efficiently test these parameters with the calculated amount of simulation runs. It will create a variation of variables to be changed simultaneously in order to find the right combination for optimization, as used by many vehicle dynamicists in the industry (Ferreira, 2007). Conclusions can be made from the tests with the use of data acquisition, using the Vi-Grade graph plots and live data from the lap. Extensive research explains that the use of ‘G-G’ diagrams will expose a variety of vehicle behaviour data, therefore this approach will be taken along with other mathematical channels and plots.   






2) [bookmark: _Toc67229373]Aims and Objectives
[bookmark: _Toc67229374]2.1) Aim
The aim of the project is to successfully create a multi-body non-linear simulation model of a Sports 2000 Prototype Race Car, and optimize its handling characteristics through the analysis of its transient response as a real-time lap simulation of Llandow circuit on VI-Grade. The vehicle’s handling characteristics investigation will specifically focus on the changes made in spring rates, anti-roll bar rates, and bump-stop implementation. 

[bookmark: _Toc67229375]2.2) Objectives

· Create a multibody simulation model for the Sports 2000 Prototype race car by implementing real life measurements and data into the Vi-Grade software in order to simulate the vehicle. 

· Replicate Llandow circuit on Vi-Grade in order to compare simulation results to real life data obtained by the Motec on-board data acquisition system.

· Create efficient and effective experiments to investigate vehicle setups using different experiment design techniques such as Box-Behnken, Response Surface method and Stat Ease design expert.

· Validate the Sports 2000 Prototype race car model by executing quasi-transient tests and comparing the results to the real life data collected at Llandow circuit. 

· Optimise and investigate vehicle suspension parameters using Vi-Grade and analyse the vehicles response to these setup changes. 





3) [bookmark: _Toc67229376]Project Relevance
Once a race car is designed and built, further major development can be held back by championship regulations and sometimes, the budget. As technology and computer science has progressed over the past decades, the automotive/motorsport industries have definitely gained an advantage from it in a vehicle dynamics perspective. Over the years the accuracy of computational vehicle models has majorly improved through advancements in multi-body vehicle dynamics, including tyre models (Singh, 2018) (Campbell-Brennan, 2020). Formula one teams have capitalised on multi-body lap-time simulations for years, as Varbanov explains that teams use these software’s to decide on strategies, prepare setups in advance and also to make key decisions before committing to a certain setup or component (Varbanov, 2013). 
This project utilises the modern software’s available for motorsport engineers today in order to gather data and examine the effects of a variety of variables, without having to move the car from the workshop. The data driven decision making software allows the parameters of the vehicle to be tested without any research or development of physical components, thus saving valuable time and money. This investigation will create an optimal setup for the Sports 2000 Race Car at a single circuit, this has always been a moving goal post for vehicle dynamic engineers where each circuit requires extensive testing. Physical testing is always beneficial for the engineers and the drivers, but the ability to replicate circuits on VI-Grade allows the engineers to have a very good foundation as to what the variables need to be, narrowing each set-up down to only a few (Campbell-Brennan, 2020). The approach taken in this investigation has been adopted by numerous motorsport racing teams over the years, thus making it an industry standard method of optimizing a race car’s set up.    









4) [bookmark: _Toc67229377]Literature Review
[bookmark: _Toc67229378]4.1) Steady State Lateral Weight Transfer
This is the amount of change on the vertical loads of the tyres due to the lateral acceleration imposed onto the CG of the car. The shift in weight will increase the load on the outside tyre whilst decreasing the load imposed on the inside tyre, influencing the load applied to each tyre depending on whether the car is under braking or acceleration mid corner (Santos, 2015). 
According to Don Alexander, there are four main factors that affect weight transfer – 
· Sprung mass of the vehicle – More weight, more lateral weight transfer
· Acceleration forces acting on the CG – Higher acceleration creates more weight transfer
· CG height – Higher CG creates a larger shift
· Vehicle track width – The narrower the track width the more weight transfer  (Alexander, 2014)
Weight transfer has a very significant impact on how a vehicle performs. The total weight transfer cant be reduced as its dependant on the weight of the vehicle (unless the vehicle can be made lighter). Controlling the weight transfer is what the springs and ARB do, they can manipulate the time it takes for the weight to shift. Stiffer springs will allow the car to reach its final roll angle quicker therefore, reducing the time for total weight transfer. ARB’s can also have this same effect at different rates. A consequence of reducing the roll angle is that the specific axle will get stiffer, transferring more weight across it meaning that the tyres will eventually have less grip (Goel, 2017). A difficulty of this is that the stiffer the vehicle, the better response it gives to the driver, this will usually be set-up depending on driver preference.  
[image: ][bookmark: _Toc67228771]Figure 1 - Tyre fractional force v Tyre vertical load (Goel, 2017)

Another difficulty with weight transfer is that the tyre vertical load is not linear with the traction force it can provide. This requires fine tuning in order to perform at the peak tyre performance in regard to how stiff the front/rear of the car can be.

[image: ][bookmark: _Toc67228772]Figure 2 - Weight transfer on a single axle of a vehicle (Milliken, 1995)







Guiggiani (2018) states that a fundamental aspect of vehicle dynamics is that suspension geometry and compliances will directly influence the ratio of vertical loads applied at each tyre. This is clear as the track width and CG height play a crucial role in calculating the lateral weight transfer, as of below (Guiggiani, 2018) (Milliken, 1995). The cornering force produced by  and  will result in a lateral acceleration, considering this is only used for a single axle and not all four wheels of the vehicle.  
Taking moments about O, where:
t = Track
h = Height of CG
 = Lateral acceleration
 = Inertia reaction                           
 = Cornering Force
 = Weight

[bookmark: _Toc67228814]Equation 1 - Weight transfer (Guiggiani, 2018)
When the car is balanced, the weight on the left hand side of the car is half of , which makes the weight transfer due to cornering –

[bookmark: _Toc67228815]Equation 2 - Weight transfer (Guiggiani, 2018)
This describes  as the increase in the left tyre load and the decrease of the right tyre load as a consequence of cornering (Milliken, 1995).
[bookmark: _Toc67229379]4.2) Spring Rates
This is a proportion of a spring’s force (newton) to one unit of travel (millimeter). Spring rate is a constant value which contributes to calculating the amount of travel will be achieved with a certain load and vice versa (AcxessSpring, 2021). This relates to Hooke’s law, where the relationship between load and extension/compression is the spring rate, and that the applied force F equals the spring constant k times the displacement in length, x (Bonnick, 2008).


[bookmark: _Toc67228816]Equation 3 - Hooke's law (AcxessSpring, 2021)
Jabaay (2016) indicates that the springs are one of the most important and most noticeable part of a race cars suspension. Too little spring rate will cause excessive body roll, slowing the transient response time, something racing drivers do not want. Having a spring that is too stiff will restrict the vehicle of its maximum possible tyre grip due to the car bouncing, shocking the tyres too hard during transitions (Jabaay, 2016). 
[image: ][image: ][bookmark: _Toc67228773]Figure 3 - Understeer vs Rear spring rate (Jabaay, 2016)
[bookmark: _Toc67228774]Figure 4 - Understeer vs Front spring rate (Jabaay, 2016)







From Heidenreich’s investigation into the effect of suspension tuning on the cornering of a race car, the graphs above describe the effect of spring rates on the understeer of the car. They clearly describe that as the front spring rate is increased, understeer increases due to the tyres loosing grip. The stiffer the rear, the less understeer due to the rear springs counteracting with the front, this will induce oversteer as agreed by (Santos, 2015) (Haubenreich, 2000).   


[bookmark: _Toc67229380]4.3) Anti-Roll Bars
Similar to the springs, the anti-roll bar (ARB) works to resist body roll when cornering by connecting both suspension systems on the front and/or rear of the vehicle on the same axle, as illustrated in the figure below. A result of this is that as one wheel moves up or down, the opposite wheel is forced to follow that motion but, as the ARB is a torsion spring and stores energy when twisted, the movement of the opposing wheel is dependant on the ARB’s stiffness. Due to the similarities with the springs, the ARB acts in conjunction with the them to add spring stiffness at the tyre, making them interchangeable (Bentley, 2016) (Santos, 2015). 
[image: Torsion Bar Model and Characteristics [3]. | Download Scientific Diagram][bookmark: _Toc67228775]Figure 5 - Anti-roll bar schematic (Milliken, 1995)








The spring load or force is converted into torque revolving around the centerline of the ARB by means of a lever arm at each end. The configuration of lever arm, R, is not considered as important in terms of stress and spring rate, its function is to convert the load, W, into a torque. If the wheel load is directly applied at point A then the spring rate is also the wheel rate (Milliken, 1995).   
Kronke (2017) investigated how an ARB can improve corner handling and the amount of available grip at the tyre contact patch. The simplified mathematical approach taken to prove this theory can be seen below. From the graph provided, it is clear that the tyre’s coefficient of friction decreases as the vertical load on the tyre increases. This is known as load sensitivity, where the available grip increases, but it is proportionally less (Kronke, 2017).   
[image: ]A vehicle with 400Kg’s of load on each tyre (800Kg per axle), will have a tyre coefficient of friction of 1.25. If the vehicle is halfway through a corner, lateral weight transfer will cause the inside wheel to have less load applied to the tyre, increasing the load on the outside tyre, without an ARB. Therefore, if the outside wheel has 500Kg’s, the inside must have 300Kg’s to make up for the total axle weight.  [bookmark: _Toc67228776]Figure 6 - Coefficient of friction vs Vertical load (Kronke, 2017)





[bookmark: _Toc67228817]Equation 4 - Tyre loads due to cornering (Kronke, 2017)

When the vehicle has an ARB, assuming it is set up to allow minimal roll, the outside tyre will have around 450Kg’s of load, leaving the inside with 350Kg’s.  



[bookmark: _Toc67228818]Equation 5 - Tyre loads due to cornering with ARB (Kronke, 2017)

This simple example describes how an ARB can manipulate the weight transfer of a vehicle along with its tyre grip characteristics. It is also stated that, in order to balance the car, the ARB can be used to increase/decrease oversteer/understeer the same way as dampers and springs. They follow the same trend where the stiffer it is at the rear, the more oversteer will occur and vice versa (Kronke, 2017). 




[bookmark: _Toc67229381]4.4) Bump Stops – Spring Aid
Historically, the bump stops on a vehicles suspension system would be known as rubber blocks used to stop the axle or suspension arm travelling too far when hitting a bump. Now, they are known as ‘spring aids’ because they add their own rate to the spring rate. Over 95% of race cars now use a microcellular polyurethane elastomer [MPU] material, they exhibit excellent durability, have high volume compressibility, and also maintain their flexibility at relatively low temperatures (Cambridge, 2011). 
When fitted they act like a progressive secondary spring which mounts on the damper’s piston rod or concentrically with the spring. In conjunction with the spring and ARB, the bump stops can affect how much the car rolls during cornering and how much it pitches under harsh braking/acceleration, depending on their sizes. They influence the steady-state balance of the car, usually inducing understeer at the limit. If the outside rear tyre of the car is loaded halfway through the corner, the bump stops will progressively stiffen up the suspension spring as its compressed and induce oversteer, if this is too much oversteer then the bump stop can be shortened or slightly softened in order to compress the spring slightly further (Cambridge, 2011) (Marchesin, 2019). 
[image: ]Marchesin (2019) investigated the effect of different bump stop clearances on the ride height of a high downforce race car and how they manipulated the change in ride height against vehicle speed. Proving they act as progressive springs, the graph below illustrates the change in ride height vs vehicle speed, where the front bump stops engage at 130 km/h and the rear at 160 km/h. The curves show that the rear ride height decreases at a higher rate due to the front being stiffer in general. The rear ride height decrease rate slows down at 180 km/h, this is due to the bump stops coming into contact therefore, stiffening the rear axle as they are compressed (Marchesin, 2019).   



[bookmark: _Toc67228777]Figure 7 - Ride height vs Vehicle Speed with bump-stops (Marchesin, 2019)





[bookmark: _Toc67229382]4.5) Stat Ease - Design Expert
Stat Ease is a company that offers DOE software’s, books, training, and consulting services. Efficient processes can be developed to quickly develop strategies and make breakthrough discoveries in the field of testing and optimizing. This software will allow the experiment to be detailed and precise for its purpose, along with the ability to analyse the findings to make it easier to publish them. The software offers a wide variety of graphs that will help identify the effects of variable changes with a strong impression created when presenting them (Stat-Ease, 2021).
[bookmark: _Toc67229383]4.6) Design of Experiment Techniques
Design of experiments (DOE) is a set of techniques that concentrate around the study of the effect that different variables have on the outcome of a controlled experiment. It is usually approached by identifying the independent variables that affect the process or product and then move on to study their effects on a dependant response (Geiser, 2011). The design and development of a race car is dependent on a large number of variables which all need to be considered when optimizing the vehicles performance on track. The designing and planning approach to an experiment is performed to determine and quantify the influence that the variables have on the response of the vehicle and ensuring that reliable results are obtained, and consistent statistical analyses are performed correctly (Rodrigues, 2015).  
[bookmark: _Toc67229384]4.7) Box-Behnken
[image: ]This design of experiment is a response surface methodology design that does not contain an embedded factorial or fractional factorial design and requires only three levels to run an experiment (MiniTab, 2019). This is because it does not contain any points at the vertices of the experiment region, which can be advantageous when the corners of the cube itself represent combinations that are impossible to test due to the physical process constraints (Geiser, 2011). 





[bookmark: _Toc67228778]Figure 8 - Box-Behnken design for three factors (Mitra, 2014)

[image: ]A study was conducted by Mitra (2014) involving the use of RSM in order to optimize the ride comfort of a vehicle, dependant on three different variables – Damping coefficient, spring stiffness and the sprung mass. It is stated that the Box-Behnken design was chosen for this application due to the resulting design being very efficient which leads to fewer runs, and that the optimization points lie within the cuboidal region. The three factors chosen for this study are in the figure below, these represent as Ks, Cs and Ms, they were designated as X1, X2 and X3 and prescribed into three levels - +1, 0 and -1 which represents high, intermediate, and low, as can be seen in the matrix below.  [bookmark: _Toc67228779]Figure 9 - Levels and coded variables for the Box-Behnken design (Mitra, 2014)



[bookmark: _Toc67228819]Equation 6 - Test variables coding equation (Daik, 2013)
[image: ]
The three test variables were coded according to the equation above, where 𝑋𝑖 is the value of an independent variable; 𝑥𝑖 is the coded value of an independent variable; 𝑋𝑜 is the value of an independent variable at the centre point; Δ𝑋 is the step change value of an independent variable (Mitra, 2014) (Daik, 2013).

[bookmark: _Toc67228780]Figure 10 - Box-Behnken design table for the variables of 15 calculated runs (Mitra, 2014)


From here, Mitra (2014) was given 15 separate runs to test in order to conclude the study efficiently and effective. This experiment design technique can be used for many different variables along with two sets of three, where one set cannot have an effect on the other around the circuit. 

[bookmark: _Toc67229385]4.8) Vi-Car Real Time
This software provides the user with a real time vehicle simulation environment where the modelled vehicle can be used to optimize vehicle and control system performance. The software has the ability to create models in order to represent a vehicle in a certain situation around a certain circuit, allowing for validation against real-life collected data and information. Plots can be created once the vehicle has completed the lap in order to create a working environment where data can be analysed and clarified as an on-board diagnostic system would (Vi-grade, 2021). The use of this software to optimize the MCR’s handling around the circuit will give a good understanding of how it was, what will happen when the changes are made and more importantly, how much it can cut off the lap time. It has been used by engineers throughout numerous phases of development, supporting the communication between organizations and suppliers, concluding that it will be a very useful tool within the industry as of the near future (Vi-CarRealTime, 2020). 


[bookmark: _Toc67229386]4.9) Multibody Simulation
“A multibody dynamic (MBD) system is one that consists of solid bodies, or links, that are connected to each other by joints that restrict their relative motion” (MacNeal-Schwendler, 2021). Road vehicles are modelled properly as multibody systems in order to design and develop components such as the suspension system, attitude controllers, mounts, and steering assemblies. Centuries ago, the complexity of the dynamical equations called for the development of top of the range computer-aided formalisms (Schiehlen, 2007). Vehicle performance on the racetrack is mainly a concern of the vehicle’s handling characteristics when subjected to various steering and road inputs. A multibody simulation can investigate numerous parameters when specified manoeuvres are performed, testing the stability of the vehicle under these conditions. Typical vehicle handling simulations include lane changing, transient cornering, and slalom motions either under or without braking. Hence, ISO-7401-1988 have specified specific realistic test procedures to be completed (Hussain, 2014). 






[bookmark: _Toc67229387]9) Methodology

[bookmark: _Toc67229388]9.1) Experiment Design and Data Collection
Stat Ease’s design expert software will be used in order to create a Box-Behnken design which will allow the simulation to take place with three different variables. The use of a Box-Behnken design for the analysis and optimization of the Sports 2000 race car’s suspension system can be implemented with more use than a central composite design due to the fact that the vehicle’s parameters and working conditions are already known. Central composite designs have axial points outside of the “cube”, these can be experimental points outside the region of interest and sometimes, the safe working zone of the parameters tested (MiniTab, 2019). This will allow the MCR to be efficiently tested at its peak performance parameters on the Vi-Grade software. 

[bookmark: _Toc67229389]9.2) Vehicle Modelling
In order to model the vehicle in its baseline setup, the workshop log kept by the MCR racing team will need to be implemented into Vi-grade via the Vi-SuspensionGen. Data previously collected from the workshop will be implemented into the SuspensionGen, following the X, Y, and Z coordinates as can be seen in the figure 12 below. Once the suspension kinematics replicate the physical counterpart, its body and suspension set-up geometry can be considered. Variables such as ride height, toe, and camber will be matched to the vehicle at its most previous outing at Llandow circuit.  
[image: ][image: ][bookmark: _Toc67228781]Figure 11 - Vehicle kinematics on VI-Grade
[bookmark: _Toc67228782]Figure 12 - Vehicle kinematics on VI-Grade




[image: ]Modifying the property file for the aerodynamic forces will allow the vehicles drag and downforce properties to be changed. These will be theoretically calculated and then implemented into VI-Grade Body. In order to make sure everything corresponds, ride height’s, wheelbase, and suspension track width need to be implemented into the skid plate section.    [bookmark: _Toc67228783]Figure 13 - Aerodynamic forces example on VI-Grade


[image: ][bookmark: _Toc67228784]Figure 14 - Torque curve of the current combustion engine on VI-Grade

Once the suspension and the body of the car is modelled, the engine, gearbox, and differential can be modified and matched. The torque curve can be matched with dynamometer data obtained for the engine. Gear ratios are changed for every circuit, therefore these will need to be matched to the ones recently used for testing as Llandow.  


The approach taken to model the tyres is to start with similar tyre data for the ones on the car. From here, the validation of the vehicle will require some modifications in the tyre slip angles to match the lateral and longitudinal g-force values of the on-board real-life data. Heusinkveld explains that tyre modelling can vary depending on the surface, test rig, and the engineer interpreting the data. Various parameters will need to be set for the simulation and because there is not any data that can just be plugged in, these parameters will need to be adjusted in order for them to generate the correct forces when subjected to conditions such as toe and camber (Heusinkveld, 2012) (Balkwill, 2018). 


[bookmark: _Toc67229390][image: ]Set-up Changes[bookmark: _Toc67228785]Figure 15 - Anti-roll bar data of the VI-Grade model


Post vehicle modelling, each setup will be changed as per Box-Behnken variable results. The anti-roll bar section in the SuspensionGen can be seen above, where K will be changed as this is the torsion of the spring. This will be done for both the front and rear of the car after a certain amount of tests are carried out on each setup. The same will be done for the spring rates and bump stops, the bumpers section is illustrated below where different deflections can be seen against rebound and compression for each bump-stop. 

[image: ][bookmark: _Toc67228786]Figure 16 - Bump-stop data on VI-Grade










[bookmark: _Toc39419251]



10) [bookmark: _Toc67229391] Results and Analysis Techniques
The theoretical results of calculations obtained from measured vehicle data will underline the physical counterpart’s characteristics such as its suspension frequencies, lift coefficient, and maximum capabilities through examples of corner radius. The validation process of the project will utilise both the Motec on-board data acquisition and Vi-Grade to obtain results. The aim is to match the lap times of both cars, this will be done with minor adjustments dependant on the relationship between g-force and steering input angle. When the model is validated, the effects of ARB, spring rate, and bump-stops will be assessed through Vi-Grade from a vehicle performance data acquisition perspective.
The investigation of suspension parameter changes will be analysed across the whole lap. Data will be presented for each setup and compared through steady-state and transient plots:
· ‘G-G’ Diagrams
· Understeer / Oversteer
· Tire loads – Weight transfer 
· Lap times
· Kinematic results – Against jounce

The approach of using the ‘G-G’ diagram for the data driven simulation is that the vehicle will always be on the tyre’s limit of adhesion, therefore producing maximum available lateral and longitudinal G-force. Milliken insists that the ‘G-G’ diagram is a means for quantifying the capability envelope of the vehicle, thus examining the effect of the changes made to the performance of the tyres (Milliken, 1995). The lateral acceleration plot will display values across the whole lap, this will show how different setups manipulate specific corners for example, one setup could be faster on slower corners or vice versa (Santos, 2014). 
[image: ][bookmark: _Toc67228787]Figure 17 - 'G-G' diagram (Jibin Hu, 2018)







11) [bookmark: _Toc67229392] Evaluation
The research evidence suggests that the approach of using a lap-time simulation in order to optimize or design certain aspects of vehicle dynamics is very popular with professionals, whether it be automotive, or motorsport related. This topic of investigation is nothing that has not been done before, however, it expresses the importance of using new software technology in order to be cost-effective and efficient in their planning and execution of testing. 
Vehicle dynamics advancement and testing will never become an overlooked topic due to the increased demand of advanced suspension systems due to the development in powertrain applications. The added weight and change in centre of gravity position will only enhance the need for new concepts to support the progression of EV’s. 
The primary limitation for this study is the missing presence of a driver. The vehicle’s balance and handling can be perfect but, applying these to the model’s physical counterpart can be of a disadvantage due to the driver’s preferences being different. This limitation could be overcome by testing the setups on the university simulator, however, due to Covid-19, it is unsure that this can be completed. Another phase of the project that could have a significant impact on the results would be to test the vehicle at a circuit, obtaining on-board data of the new setups would eliminate the doubts of uncontrollable variables such as track surface and weather conditions.
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