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Abstract 
In the pursuit of vehicle performance optimization, VI-grade’s Plus 4 and GT4 simulations offer advanced tools for predicting vehicle behaviour and refining designs prior to physical prototyping. These high-fidelity simulations allow for precise testing of vehicle dynamics under varied conditions. By integrating a Design of Experiments (DoE) approach, multiple design parameters can be systematically adjusted to evaluate their impact on key performance factors such as handling, stability, and efficiency. This method enables the identification of optimal configurations, reducing development time and costs, while enhancing vehicle performance through data-driven, iterative improvements.
1.0 Introduction 
Morgan, a renowned British automotive manufacturer renowned for crafting modern classic vehicles, caters to gentlemen drivers seeking a blend of classic British charm with contemporary performance and safety features. Their latest endeavour, the Morgan Plus 6, represents a pinnacle in this tradition.
To bolster the launch of the Morgan Plus 6, the company has set its sights on creating a homologation build of the vehicle, engineered to meet the standards of SRO GT4 specifications. This strategic move would enable the Morgan Plus 6 to compete in top level motorsport categories such as the British GT and GT4 Europe series.
To ascertain the competitive edge of the Morgan Plus 6 GT4 in its class, Morgan has tasked its team with conducting initial vehicle simulations. These simulations aim to provide crucial insights into the vehicle's performance potential, ensuring it meets the demands of the fiercely competitive GT4 circuit racing.












[bookmark: _Toc176385061]2.0 Main Project Aim
The aim of this project is to develop a simulation model for the Morgan 6 Plus GT4 homologation, using existing telemetry and data to build vehicle models and validate simulations, to provide an accurate lap time simulation, that is competitive against the current SRO GT4 grid. To allow this project to be successful the following objectives are defined in table 1.
	Objective
	What is Measured 
	How is it measured?
What is the target?

	Create an accurate vehicle model of the Morgan within VI Grade 
	Geometric coordinates, damper velocities, aero dynamic performance, and engine performance. 
	Coordinates: 3D scan file of front and rear suspension design. Aerodynamics: CFD Studies of the vehicle. Dampers: Damper Dyno from current morgan dampers. 
Engine: Performance from BMW 340 I engine. 

	Analyse available data from morgan and select optimal lap from physical testing against the simulation results
	Vehicle cornering capabilities: lateral force, Speed, and steering input
Acceleration and top speed. 
	Via in car datalogger. Target will be based on difference within the lap times. 

	Create a vehicle model of the morgan 6 plus GT4 spec within VI Grade
	Geometric coordinates, damper velocities, aero dynamic performance, and engine performance.
	Coordinates: 3D scan file of front and rear suspension. Aerodynamics: Base line CFD with added front splitter and rear wing. Damper: Damper Dyno from current GT4 suppliers. Engine: Performance Values from BMW M4 GT4.

	Apply design of experiments approach to optimise the vehicle lap time. 
	Overall reduction in vehicle lap time and vehicle response. 
	Ranking of Importance Setup features and the impact they have on vehicle performance based on the change 

	Analyse the vehicle performance against current SRO GT4 grid. 
	Overall lap time. With use of Balance of Performance (BOP) 
	TSL Live timing contains qualifying lap times, speed trap values and sector times. Comparing these values against the simulation. 


[bookmark: _Toc176297792]Table 1 - Main Project Aims
[bookmark: _Toc176385062]3.0 Research Aims
For the research in this project to yield success, the following objectives have been established.
[bookmark: _Toc176385063]3.0.1 Identification of Performance Sensitivities 
Investigate the sensitivity of vehicle performance to key input parameters such as suspension settings, aerodynamic configurations, and powertrain characteristics through systematic variation and analysis using design of experiments techniques.
[bookmark: _Toc176385064]3.0.2 Optimization of Vehicle Setup
Develop and implement optimization algorithms to systematically explore the design space and identify optimal configurations for maximizing performance metrics such as lap time, cornering speed, and tire wear, while considering constraints such as regulatory requirements and driver preferences.
[bookmark: _Toc176385065]3.0.3 Assessment of Performance Trade-offs 
Evaluate the trade-offs between different performance objectives, such as achieving faster lap times versus preserving tire life or improving straight-line speed versus enhancing cornering agility, to inform decision-making in the optimization process.
[bookmark: _Toc176385066]3.1 Initial Research 
In the initial research phase, valuable background information and details have been compiled. These insights and background knowledge prove beneficial for laying the foundation of the project during its initial stages.
Many important variables that are crucial to the project are listed within the Morgan Plus 6 owner’s manual. These values will provide a good base line to start building the model off. However, the accuracy of these measurements provided will be checked against physical measurements later in the project.
Ginetta is a British manufacture that specialise in high performance road cars and race car conversions for different categories including GT4. Reading the G56 GT4 user’s manual provided great Insite into the running and design principles behind their work. This knowledge can be adapted and transferred to the suit the Morgan. 
[bookmark: _Toc176385067]3.2 Vehicle Simulations in Motorsport 
This literature review focuses on ongoing research currently being conducted in the automotive and motorsports industries regarding simulation and performance optimisation both trackside and within manufacturing facilities. 
Patil et al. (2017), Bhosale et al. (2019), and similar researchers opt for comprehensive vehicle models utilizing ADAMS Car, while Chindamo et al. (2021) prefer simpler mathematical models, although less precise, yet still relevant within their research domains. Additionally, certain studies leverage specific software tools such as VI Grade vehicle simulation.

[bookmark: _Toc176385068]3.3 MATLAB Simulations 
The use of tools like MATLAB and Simulink can be used to construct multiple degree of freedom mass spring damper models. This approach was utilised Mitra et al (2013) analysing the ride comfort of passenger vehicles. The report clearly demonstrates that these tools too can be used to analysis ride comfort. However, in motorsport where there are rapid transient loads and ride comfort is not targeted it is difficult to gauge performance characteristics with no driver feedback.  
This paper presented by Marzbanrad et al (2013) investigated the ideal spring and damper configurations to maximize vehicle ride comfort across various speeds, employing the design of experiment method (DOE). It explores how the optimal suspension settings for ride comfort may differ depending on road roughness and speeds and investigates the achievable levels of ride comfort. This paper is particularly useful as a DOE model is created and successfully integrated into the MATLAB model.  
In his study, Warne (2016) utilizes Simulink mathematical blocks to construct a vehicle simulation. This simulation integrates a compact three-degree-of-freedom model focusing on a single corner of the vehicle. The tire data utilized in the simulation is derived from physical testing. During the validation process, the model exhibited minimal deviation from the expected results, indicating a high level of accuracy.
For this project due to the large quantity of variables and the accuracy of the simulation needing to be of the highest quality the software used will be VI-Grade Multibody. Further sources gathered within this literature review will focus on papers using simulation tools rather than basic calculations. 
[bookmark: _Toc176385069]3.4 Vehicle Simulation Tools 
The paper presented by Akos Jasper et al. (2021) utilizes VI Grade driver in the loop techniques later in the design process when the vehicle is being finalised. This allows the driver to drive the vehicle model on a purpose-built simulator.  They can provide the design team with valuable data in areas such as yaw moment. Not only vehicle development can be altered at this stage but driver development improving their technique and skill without the costs of physical testing. 
Alessandro Giraudo (2019) offers insight into enhancing the design phase of a Formula SAE electric racing car. Initially, a model of the vehicle is constructed in the early stages of design. This model is subsequently incorporated into VI Grade car real-time simulations utilizing closed-loop simulation techniques. Conducting this research during the initial design phase enabled the optimization of vehicle parameters that would otherwise be challenging to adjust later. For instance, modifying the vehicle's centre of gravity height resulted in significant performance improvements, a parameter that would be cumbersome to alter in the later stages of the construction process.
Wang et al (2018) employed ADAMS car simulation software to investigate the handling stability of hydraulic hybrid vehicles. Their study explored various handling configurations, including T-type, postposition, and parallel layouts, subjecting them to diverse handling procedures and analysing the responses. Their findings concluded that the parallel configuration exhibited superior handling stability. While this study does not directly pertain to motorsport, it underscores the significance of simulation in the automotive industry.
A full vehicle dynamics model of a formula SAE race car is built by Mueller (2005). Although a model of the vehicle is constructed. The paper fails accurately to model the vehicle due to limited physical testing. This is due to the vehicle being manufactured before the simulation. Therefore, discrepancies came down to small errors within the measurement phase. Small errors within the early stages of the model will lead to larger discrepancies when trying to validate the model. Due to the paper being written in 2005 and the development of simulations coming further in recent times the model could be improved upon. The tth
While most of the current literature review focuses on road vehicles or Formula SAE, a lower-level motorsport championship, noteworthy insights can still be gleaned from higher-tier competitions such as Formula 4. Fernandez (2023) develops a vehicle simulation for BRDC Formula 4 and utilizes this model to optimize their vehicle setup. The study effectively constructs the model and delivers commendable setup outcomes, subsequently tested on track to yield enhanced performance and reduced lap times.
The literature review revealed numerous examples of simulation applications in motorsports, particularly for Formula SAE vehicles. However, there is a scarcity of sources focusing on GT4 homologated vehicles. This gap can be attributed partly to the competitive nature of motorsports, where major manufacturers like Mercedes and McLaren invest significantly in proprietary research and development, leading to limited sharing of gathered data.
[bookmark: _Toc176385070]3.5 Design of Experiments 
A Box-Behnken design of experiments (DOE) model is a systematic approach to optimizing vehicle suspension components, such as anti-roll bars, dampers, and springs. This method provides a structured framework for exploring the relationships between these components and the vehicle's overall performance. By utilizing this experimental design, it is possible to fine-tune the suspension system to achieve the desired handling characteristics while minimizing trial-and-error testing.
[bookmark: _Toc176385071]3.5.1 Definition of Parameters and Ranges
The first step in implementing a Box-Behnken DOE model involves defining the key parameters to be optimized, which in this case are the anti-roll bars, dampers, and springs. For each component, a range of values is established based on practical constraints and performance objectives. For instance, anti-roll bar stiffness might be varied across a range of 20% to 60% stiffer than the baseline, while damper settings and spring rates are adjusted within their respective operational ranges.
[bookmark: _Toc176385072]3.5.2 Experimental Design
The Box-Behnken design is particularly suitable for this purpose because it allows for the efficient investigation of the interactions between multiple factors. This design involves conducting experiments at mid-range, high, and low levels of each parameter, as well as at combinations of these levels. The design is composed of a series of runs that provide a comprehensive view of how changes in anti-roll bar stiffness, damper settings, and spring rates affect vehicle performance. This approach minimizes the number of required experimental runs compared to a full factorial design while still capturing interactions between variables (Montgomery, 2017).
[bookmark: _Toc176385073]3.5.3 Data Collection and Analysis
During the testing phase, each combination of suspension settings is applied to the vehicle, and performance metrics such as lap times, handling stability, ride comfort, and tire wear are recorded. These data points are then analysed to determine the impact of each parameter and their interactions on vehicle performance. Statistical methods such as regression analysis are used to model the relationship between the suspension settings and the performance outcomes (Box et al., 2005).
[bookmark: _Toc176385074]3.5.4 Optimization
Based on the analysis, optimal settings for the anti-roll bars, dampers, and springs are identified. The Box-Behnken design enables the identification of settings that provide the best balance between handling and comfort, as well as the adjustment of individual components to address specific performance goals. The final model will suggest the ideal configurations to achieve the desired handling characteristics, which can then be validated through further testing.
[bookmark: _Toc176385075]3.5.5 Validation
Finally, the optimized settings derived from the Box-Behnken model are validated through real-world testing to ensure that the theoretical improvements translate into tangible performance gains. Adjustments may be made based on feedback from these validation tests to fine-tune the suspension setup further.
[bookmark: _Toc176385076]3.6 Underlying Calculation
The underlying equations that will be used within these simulations are gathered from Milliken’s work (Milliken, Milliken 1995). The positioning and angular disparity between the lower and upper wishbones play a significant role in determining the location of the instant centre, which, in turn, influences the placement of the roll centre. Arnold-Kennedy’s theorem can be employed to precisely determine the roll centre based on this instant centre. The instant centre of rotation denotes the pivotal point around which the suspension pivots relative to the vehicle body.
Utilizing the calculations outlined in Milliken's work (Milliken, Milliken 1995), the centre of gravity can be pinpointed. The centre of gravity's position holds paramount importance in dictating a vehicle's handling performance, as emphasized by (Milliken, Milliken 1995, p.666): "The location of the centre-of-gravity (CG) of a race car is one of the most fundamental determinants of performance."
Both the roll centre and the centre of gravity serve as critical parameters for calculating the distribution of geometric and elastic weight transfer within the vehicle.
Manipulating the angles between the wishbones will adjust the camber gain, directly influencing the generation of bump and rebound. These effects will be modelled within the simulation as both the front and rear suspensions are modelled. 



[bookmark: _Toc176385077]3.7 Scope of the Project 
The project will entail creation of two vehicle simulations at multiple UK race circuits within VI Grade. One simulation will be on the Morgan Plus 4 to which there is data being provided from Morgan of Physical testing. After running this simulation, the lap times and data will be analysed against the Physical testing to validate the accuracy of the simulation. 
Having validated the simulations accuracy a GT4 homologation model of the Morgan Plus 6 will be created. This model will have adjustable anti roll bars, springs, and two-way adjustable dampers. Having run the simulation a fractional factorial design of experiments approach will be used to optimise the vehicles setup for multiple SRO tracks. The results of this simulation will be compared against the current GT4 grid lap times to see if the vehicle can be competitive
[bookmark: _Toc176385078]3.8 Methodology
Several methodologies have been explored to execute this project effectively. The project will proceed according to the defined steps outlined below. However, the methodology may be adjusted in response to unexpected circumstances or changes in project criteria. Any modifications will be documented and detailed in subsequent reports to ensure transparency and maintain a clear record of the development process.
[bookmark: _Toc176385079]3.8.1 Base Model Creation
The first step involves developing a comprehensive base model of the standard road-going Morgan Plus 4 vehicles. This model will include detailed specifications of all relevant factors such as suspension point locations, engine power and torque curves, spring and damper behaviour, and tire characteristics. Accurately capturing these parameters is crucial for creating a realistic simulation that closely mimics the actual vehicle dynamics.
[bookmark: _Toc176385080]3.8.2 Circuit Simulation
With the base model in place, the next step is to simulate the vehicle's performance around a known circuit. This simulation allows for the collection of data on the vehicle's behaviour under various conditions, including acceleration, braking, cornering, and overall handling. The simulation data will provide a benchmark for evaluating the accuracy of the model and guide further refinements.
[bookmark: _Toc176385081]3.8.3 Lap Time Validation
Using the data obtained from the circuit simulation, the lap times and vehicle performance metrics can be validated against physical testing data provided by Morgan. This validation process ensures that the simulation model accurately reflects the real-world performance of the vehicle, allowing for reliable predictions and analyses.
[bookmark: _Toc176385082]3.8.4 GT4 Model Development
Once the base model is validated, the next step is to develop a GT4-specification model of the Morgan Plus 6. This involves designing the vehicle within the SRO GT4 regulations, making necessary alterations to engine performance, springs and dampers, tire characteristics, and chassis torsional stiffness. These modifications will aim to enhance the vehicle's competitiveness within the GT4 class while adhering to regulatory constraints.
[bookmark: _Toc176385083]3.8.5 Design of Experiments (DOE) Approach
With the GT4 model completed, a design of experiments approach is employed to systematically evaluate various vehicle setup configurations. This process helps identify the optimal setup for any given circuit, focusing on parameters such as suspension tuning, aerodynamics, and power delivery. The goal is to improve the vehicle's performance over the baseline setup configurations by finding the best combination of settings.
[bookmark: _Toc176385084]3.8.6 Performance Evaluation
The final step involves a comprehensive analysis of the optimized vehicle configurations. Simulation results are thoroughly evaluated, and lap times are compared against the current SRO GT4 grid to assess the competitive standing of the Morgan Plus 6 GT4. This analysis provides insights into the effectiveness of the optimization process and identifies areas for further improvement.
By following these steps, the project aims to develop a competitive GT4-specification vehicle that meets or exceeds the performance benchmarks set by the SRO GT4 grid. Each stage of the methodology is designed to build upon the previous, ensuring a structured and methodical approach to vehicle development and optimization.
[bookmark: _Toc176385085]4.0 Review of SOR Specifications
Due to the vehicle targeting competing in both British GT and GT4 Europe, the Morgan Plus 6 GT4 will need to be compliant with the SRO Motorsport Group technical regulations and pass vehicle scrutineering. At this stage of the design and simulation process only the performance regulations will be investigated. 
All bodywork dimensions and shape must be original as specified from the road going vehicle and homologated by the manufacture. Meaning the final product of the GT4 car will have similar aerodynamic characteristics as the road doing car but aided with the benefit of the front splitter and rear wing. 
The front splitter and rear wing that are allowed to be fitter to the vehicle must not exceed the original length of the vehicle. The hight of the rear wing and the attack angle can be tuned to benefit performance of the vehicle. However, SRO have the right to adjust these parameters to adjust the Balance of Performance of the vehicle. 
The SRO GT4 Bureau retains the authority to modify the minimum weight requirement for any vehicle to uphold balance of performance across the field. It is imperative that the minimum weight limit is adhered to throughout the entirety of the event, especially as the vehicle completes each lap and crosses the finish line.
Refuelling during a race is only permitted in two- and three-hour races. This mean a high endurance tank is needed to complete a stint. Most commonly vehicles within this class will use tank capacities between 100 and 120 Liters. SRO also reserve the right to change the capacity of the tank for balance of performance.
The transmission can have 6 or more forward gear ratios with a fully equipped reverse gear. On the current GT4 grid all homologated vehicles have 6 gears. 
The vehicle minimum ride hight will be set by SRO before the event in compensate Balance of performance of the vehicle. For the simulation this target will be unknown as it has not been set for the vehicle. When implementing the design of experiments approach a varied range of ride hights will be tested to evaluate the effect on performance.  
It’s stated within the regulations that all suspension components and mounting locations unless specified must stay original. This means that the kinematics of the vehicle are standard from the factory. The addition of anti-roll bars is permitted and can be fully adjustable. Anti roll bar strengths will be simulated and experimented with to find the optimal strengths. It is also possible to fit the vehicle with fully adjustable anti roll bars. This will tune setup for not only specific tracks but also weather conditions. Two-way (Bump and Rebound) adjustable shock absorbers may also be fitted to the vehicle and can be tuned for setup as well. the vehicle may also have three different spring sets for front and rear. This will also be investigated to find the 3 most optimal settings for setup.
The use of ABS (Antilock Braking System) and TC (Traction Control) is permitted by the regulations. These control systems may also be tuned to optimise performance. Only a single flexible pipe is permitted to convey air to the brakes of each wheel, with the caveat that its internal cross-section must accommodate a circle of 10 cm in diameter.
The wheels and tyres are fix for each championship. These tyres are slick tyres and a full wet weather condition tyre. With limited data from championship the use of old slick tyres will be used to best model how a slick tyre performs using Pacejka tyre modelling. 
The vehicle must have a full welded in cage. The addition of a cage will change the vehicles centre of gravity as well as increasing the chassis torsional stiffness. 
[bookmark: _Toc176385086]5.0 Morgan Plus 4 Model 
[bookmark: _Toc176385087]5.1 Motec Data Analysis
To begin constructing an accurate model of the Morgan Plus Four, it is essential to establish a baseline of the vehicle's current performance through physical testing. This baseline will serve as a critical reference point for validating the simulation model. For this purpose, a standard Morgan Plus Four was subjected to hot laps around the Llandow race circuit. During the maximum performance run, the vehicle achieved a best lap time of 51.092 seconds. This lap time will be a key metric for comparison as the simulation is developed and refined (Stover,2017).
In addition to the lap time, the physical testing provided valuable data on the vehicle's dynamics. The data revealed a peak longitudinal G-force of -0.75g during braking, indicating the maximum deceleration force experienced by the vehicle, and a peak of 0.3g during acceleration, reflecting the car's ability to gain speed. These measurements are crucial for understanding the vehicle's braking and acceleration capabilities under track conditions and will be directly compared to the outputs generated by the simulation (Mokhiamar, et al., 2004).
Further analysis of the vehicle's speed profile throughout the lap will be conducted to identify any significant differences between the actual performance and the simulation. This analysis will help pinpoint areas where the simulation may need adjustment, ensuring that it accurately replicates the real-world behaviour of the Morgan Plus Four (Ferraris, 2019). By starting with this robust baseline, the development of the simulation model can proceed with a clear understanding of the vehicle's current capabilities, providing a solid foundation for further refinement and optimization (Mokhiamar, et al  2004).
[bookmark: _Toc176385088]5.2 Suspension Design
For accurate simulation and analysis of the Morgan Plus 4 and Plus 6 models, it is crucial to precisely recreate the suspension points within the VI-Grade simulation environment. The suspension geometry directly influences how the tires interact with the road surface during cornering, affecting the vehicle's overall handling, stability, and performance. Morgan has provided the necessary suspension point data, which will be meticulously integrated into the VI-Grade model to ensure that the suspension dynamics are faithfully represented.
By accurately modelling these suspension points, the simulation will allow for a detailed examination of how the suspension system works to manage tire forces during cornering. This understanding is essential for assessing the lateral and longitudinal forces acting on the tires, which in turn influence grip, tire wear, and ultimately, lap times. The insights gained from this analysis will be critical in determining how to optimize the suspension setup to maximize tire performance under various driving conditions. This process not only aids in refining the current models but also provides valuable feedback for future vehicle development and tuning (Milliken & Milliken, 1995; Dixon, 2009).
The figure 1 below illustrates the front suspension of the Morgan Plus 4.
[image: ]
[bookmark: _Toc176289984][bookmark: _Toc176297796][bookmark: _Hlk176555202]Figure 1 - Morgan Plus 4 Suspension
[bookmark: _Toc176385089]5.3 Damper Testing 
The dampers from the Morgan Plus 4 were removed and subjected to testing on a damper dyno to analyse their bump and rebound characteristics. This testing was essential to gain insights into the damper behaviour, as the factory-installed dampers do not offer any adjustable settings. Consequently, only three test runs were conducted to obtain the necessary data for analysis.
The graph below displays the front damper response, illustrating how the dampers behave under different damping velocities. The results show minimal variation in rebound force across the range of velocities, indicating consistent performance in this aspect. However, the bump response revealed multiple points within the transition where the damping rate changes, indicating a non-linear response. The front dampers exhibited a peak bump force of 230 lbs and a rebound force of 80 lbs. To further understand these characteristics, a detailed examination of the damper's internal architecture would be required, as it could reveal the underlying causes of these non-linearities in the bump response (Dixon, 2009).
[image: ]
[bookmark: _Toc176289985][bookmark: _Toc176297797][bookmark: _Hlk176555308]Figure 2 - Plus 4 Front Damper
The rear dampers were also tested, and while they exhibited a similar minimal variation in rebound force across damping velocities, their bump profile was notably smoother compared to the front dampers. The rear dampers displayed a peak bump force of 255 lbs and a rebound force of 105 lbs. This smoother bump response suggests a more linear damping behaviour, which could contribute to improved ride comfort, especially given the road-going nature of the vehicle (Milliken & Milliken, 1995).
[image: ]
[bookmark: _Toc176289986][bookmark: _Toc176297798][bookmark: _Hlk176555334]Figure 3 - Plus 4 Rear Damper
When comparing the damping characteristics across the vehicle, the rear dampers are slightly stiffer than the front. This difference could be attributed to several factors, including the vehicle's centre of mass, which is biased towards the rear, or considerations for ride comfort, as a stiffer rear damping setup may help mitigate excessive pitch and roll, enhancing overall stability and comfort during road driving (Cossalter, 2006).
[bookmark: _Toc176385090]5.4 Spring Rates
The spring rates for the Morgan Plus 4 were determined through a precise testing process using a load cell and a spring compressor. To calculate the spring rates, each spring was compressed by half an inch, measured accurately using a Dial Test Indicator (DTI) gauge. The corresponding load was recorded with a load cell. The load value obtained from compressing the spring by half an inch was then doubled to calculate the spring rate, which reflects the force required to compress the spring by one inch.
Through this method, the front springs were found to have a spring rate of 140 lbs/in, while the rear springs had a slightly higher rate of 180 lbs/in. These spring rates are indicative of the stiffness of the springs, with the higher rate in the rear likely contributing to better support for the rear of the vehicle, potentially due to the vehicle's weight distribution or to enhance stability and handling characteristics (Dixon, 2009; Milliken & Milliken, 1995). Understanding these spring rates is crucial for tuning the suspension to optimize the balance between ride comfort and handling performance, particularly in a vehicle designed for both road and track use.
[bookmark: _Toc176385091]5.5 Chassis Torsional Stiffness 
Chassis torsional stiffness testing is a crucial process for understanding a vehicle's resistance to twisting forces applied between the front and rear axles. This measurement is particularly important for vehicles like the Morgan Plus 4, which, being a convertible, can experience significant handling changes due to its chassis flexibility. Accurate modelling of this stiffness is essential as it influences the vehicle’s handling characteristics, including its responsiveness and stability during dynamic manoeuvres (Matsimbi, 2020).
In the testing procedure, the vehicle's chassis is secured to a test rig on a level surface to ensure accurate results. A known torque is applied to the free end of the chassis using a load cell to measure the resistance to twisting. Inclinometers, which are sensors used to measure angles, are strategically placed along the chassis surface to monitor how flex occurs at different stages of the vehicle. This setup helps in capturing detailed data on the chassis’ response to applied forces, providing insights into its torsional rigidity (Milliken & Milliken, 1995). The figure below illustrates the angle of twist across the vehicle from front to rear, highlighting how torsional deformation varies along the chassis.
[image: ]
[bookmark: _Toc176289987][bookmark: _Toc176297799]Figure 4 - Twist Angle Across Plus 4
However, within the VI-Grade simulation environment, there is a limitation as it permits only a single torsional stiffness value to be input from front to rear. This simplification means that the simulation cannot fully represent the variations in stiffness along the length of the chassis. Consequently, while the single torsional value provides a general approximation, it may not capture the full complexity of the chassis’ behaviour as observed during physical testing (Velie 2016). Therefore, the simulation results should be interpreted with this limitation in mind, and further refinement may be necessary to more accurately reflect the chassis’ real-world performance.
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[bookmark: _Toc176289988][bookmark: _Toc176297800]Figure 5 - Morgan Plus 4 on Twist Rig
[bookmark: _Toc176385092]5.6 Engine Performance
To develop an accurate VI-Grade simulation model, precise measurement of the engine's torque and power curves is essential. This process involves placing the vehicle on a rolling road, where both power and torque at the wheels are measured. These measurements are then used to back-calculate the power output at the flywheel, offering a comprehensive view of the engine's performance characteristics (Millo et al, 2000).
For the Morgan Plus 4, which utilizes a 2.0L BMW engine, this approach is particularly effective. The rolling road tests provided detailed data on the engine's power and torque output, which were then cross-referenced with similar data available from online sources for the 2.0L BMW engine. This comparison showed a close alignment between the test data and the publicly available engine performance curves, confirming the accuracy of the measurements obtained during the testing process.

[bookmark: _Toc176289989][bookmark: _Toc176297801]	Figure 6 - Plus Dyno Results	
Accurate representation of the engine's power and torque curves in the VI-Grade model is crucial for simulating realistic vehicle performance. The validation against established online data helps ensure that the model accurately reflects the engine's capabilities and performance under various operating conditions. This alignment reinforces the reliability of the simulation model and supports its use in further analysis and optimization of the vehicle's performance (Dekraker et al 2018).
[bookmark: _Toc176385093]6.0 Model Validation 
[bookmark: _Toc176385094]6.1 Initial Validation
The initial validation of the simulation model against real-world data from the Motec data logger has yielded encouraging results, demonstrating that the simulation is closely aligned with actual vehicle performance in terms of lap times. The simulated lap time of 50.522 seconds is remarkably close to the Motec-recorded optimal lap time of 50.519 seconds, with a negligible difference of just 0.003 seconds. This level of accuracy in overall lap time indicates that the simulation has a solid foundation and that the key parameters, such as torque, gear ratios, and aerodynamic drag, have been effectively calibrated. Similar findings have been observed in previous studies where simulation models were used to replicate real-world vehicle performance, emphasizing the importance of accurate parameterization for reliable outcomes. However, while the lap times are nearly identical, a more detailed comparison between the simulation and real-world data reveals significant differences in the dynamics through which these lap times are achieved, particularly in the areas of braking and cornering performance.

[bookmark: _Toc176289990][bookmark: _Toc176297802]Figure 7 - Motec Vs Simulation Run 1
In the braking phases, the simulation demonstrates a stronger braking capability than the real-world vehicle. The data shows that the real Morgan produces less braking force, necessitating earlier braking to achieve the same apex, whereas the simulation allows the vehicle to brake later and more aggressively. This discrepancy suggests that the braking performance model in the simulation is overly optimistic, not accurately reflecting the limitations of the actual vehicle's braking system. This is consistent with findings from similar validation studies, where simulation models often overestimate braking efficiency, necessitating iterative adjustments. To improve the fidelity of the simulation, the braking performance will need to be adjusted downward to better match the real vehicle's behaviour, ensuring that the vehicle in the simulation must brake earlier, mirroring the real-world scenario (Mondoni et al 2016).
Additionally, differences in cornering performance were observed, with the simulation vehicle requiring a greater reduction in speed to navigate the apex of corners compared to the real vehicle. This suggests that the simulation's representation of lateral grip or cornering ability is insufficient, leading to more conservative cornering speeds. In contrast, the real vehicle can carry more speed through corners, allowing it to maintain a higher apex speed. This underrepresentation of lateral grip in simulations has been noted in other research, where cornering dynamics often require fine-tuning to achieve realistic behaviour (Kaemeer et al, 2008). This indicates that the lateral performance in the simulation needs to be enhanced to more accurately reflect the real-world vehicle's ability to maintain higher speeds through turns.
These discrepancies in braking and cornering dynamics, while not significantly affecting the overall lap time, are critical to achieving a realistic and reliable simulation model that can be used for further development and testing of the vehicle under the GT4 specification. To address these issues, the simulation model will undergo adjustments to reduce the braking performance and increase the lateral performance, thereby aligning the vehicle's dynamic behaviour more closely with that observed.
Following these modifications, a second simulation run will be conducted to evaluate the impact of the changes. This run will focus on validating whether the adjusted model now better replicates the braking points, apex speeds, and overall handling characteristics of the real-world vehicle, while still maintaining the close correlation in lap times. The iterative process of adjusting and validating simulation models has been shown to be effective in enhancing the accuracy and reliability of vehicle dynamics simulations. The goal is to refine the model iteratively until it not only matches the real-world data in terms of lap times but also accurately mirrors the physical dynamics of the vehicle throughout a lap.
By carefully tuning these aspects of the simulation, the model will be better equipped to serve as a reliable tool for further analysis and development. This process is essential for ensuring that the simulation can accurately predict vehicle behaviour under various conditions, thereby providing a robust platform for the continued refinement and optimization of the GT4 specification vehicle.
[bookmark: _Toc176385095]6.2 Final Simulation 
Following the initial validation, adjustments were made to the simulation model to better align with the real-world dynamics observed in the Morgan Plus 4. Specifically, the longitudinal braking performance was reduced, and the lateral performance was enhanced. These changes were implemented based on the discrepancies noted between the simulation and the Motec data logger outputs, which indicated that the simulation's braking force was overly optimistic and that its lateral grip was underrepresented.
After these adjustments, the simulation was rerun, resulting in a lap time of 50.459 seconds. Although this lap time differs slightly more from the Motec-recorded lap time of 50.519 seconds, the way in which the vehicle achieved this time showed a marked improvement in terms of compatibility with the actual driving behaviour. The revised simulation now better replicates the braking and cornering dynamics of the real vehicle, indicating that the adjustments were successful in creating a more accurate representation of the Morgan Plus 4's performance.

[bookmark: _Toc176289991][bookmark: _Toc176297803]Figure 8 - Motec Vs Simulation Run 2
Further analysis was conducted to examine the longitudinal braking performance across the entire lap, using data from both the simulation and the Motec data logger. This analysis aimed to correlate the braking patterns, including the timing of braking points, deceleration rates, and overall braking efficiency, to ensure that the simulation more accurately reflected real-world conditions. The enhanced correlation between the simulation and real-world data not only validates the adjustments made but also highlights the importance of fine-tuning individual performance factors to achieve a realistic and reliable simulation model.

[bookmark: _Toc176289992][bookmark: _Toc176297804]Figure 9 - Motec Simulation Vs Motec Run 2 Long G
despite the improvements made to the simulation, small discrepancies were observed in the first sector of the lap. These differences appear to stem from the way the simulation approaches the initial braking and acceleration phases compared to the real-world driver, as recorded by the Motec data logger. Specifically, the simulation tends to push harder in this sector, leading to a more aggressive driving style where the simulated vehicle accelerates quickly and then makes a sudden, sharp braking manoeuvre. In contrast, the driver in the real-world data does not get back on the brakes as aggressively but instead coasts into the corner, using a more gradual approach.
This variance may be attributed to driver preference, as different driving styles can significantly influence how a vehicle is managed through different sections of a track (Gabiccini, et at  2021). While the first sector shows this divergence, it is noteworthy that the final sector of the lap aligns well between the simulation and the real-world data. In this portion, both the simulated vehicle and the driver exhibit similar braking and acceleration patterns, suggesting that the simulation can replicate the driver's behaviour effectively in certain scenarios, but not uniformly across all sectors.
This observation underscores the complexity of modelling driver behaviour and vehicle dynamics, where individual driver tendencies can lead to variations in how a vehicle is driven through different parts of a lap. It also highlights the importance of considering driver input and behaviour when validating simulation models, as even subtle differences in driving style can affect the outcome of the simulation (Morris & Clark, 2022). Moving forward, these insights could inform further refinement of the simulation, potentially by incorporating more nuanced models of driver behaviour or by allowing for driver-specific adjustments within the simulation parameters.

[bookmark: _Toc176289993][bookmark: _Toc176297805]Figure 10 - Motec Vs Simulation Run 2 Lateral G
When analysing the lateral G-forces in the initial corners of the lap, there is a noticeable discrepancy between the simulation and the data gathered from the Motec data logger. The Motec data indicates slightly higher lateral G-force outputs in these early corners, suggesting that the real-world vehicle experiences more lateral grip or the driver is pushing the vehicle harder through these sections. This contrasts with the simulation, where the lateral G-forces are somewhat lower, indicating a less aggressive cornering performance in the early stages of the lap.
However, as the lap progresses, particularly in the final sections, the lateral G-force readings from both the simulation and the Motec data align much more closely. This suggests that while the simulation may initially underrepresent lateral grip or driver input in the early corners, it becomes more accurate as the vehicle navigates the latter parts of the track. This alignment in the latter part of the lap indicates that the simulation model effectively replicates the real-world vehicle's dynamics under certain conditions but may require further tuning to improve accuracy in the initial corners.
These adjustments and subsequent validation steps underscore the iterative nature of simulation development, where continuous refinement is essential to achieving a model that not only matches real-world lap times but also faithfully reproduces the physical dynamics of the vehicle. The improved compatibility between the simulation and real-world data supports the use of this model as a robust tool for further analysis and optimization of the Morgan Plus 6 under the GT4 specification.
[bookmark: _Toc176385096]6.3 Possible Errors
This section discusses the potential errors within the simulation model that could contribute to discrepancies between the simulated lap times and actual performance data. Identifying and understanding these errors is vital for refining the model to ensure it accurately represents real-world conditions.
[bookmark: _Toc176385097]6.3.1 Track Conditions
One significant source of error is the inability to fully replicate the track conditions within the VI-Grade simulation environment. The track’s surface characteristics, such as texture, temperature, and wear, cannot be perfectly mirrored in the simulation. VI-Grade assumes a track surface with 100% grip, an idealization that rarely reflects real-world conditions. Variations in the actual track surface can considerably impact vehicle performance, leading to potential mismatches between simulated results and real-world data.
[bookmark: _Toc176385098]6.3.2 Driver Model
The driver model within VI-Grade also introduces variability that can affect simulation accuracy. This model allows adjustments to parameters such as the driver's tolerance for slip and their braking aggression. While these adjustments can help approximate real driver behaviour, achieving an exact replication of an individual driver's performance is challenging. As a result, discrepancies in the driver model can contribute to errors in the simulation, affecting the overall fidelity of the vehicle's performance.
[bookmark: _Toc176385099]6.3.3 Tyre Data
Tyre data represents another critical element influencing simulation accuracy. Since specific tyre data is often proprietary and closely guarded by manufacturers, VI-Grade utilizes a standard road tyre profile provided by the software. Although this profile has been modified to better reflect real-world test conditions, the precision of these modifications is limited. The lack of detailed, exact tyre data introduces an element of uncertainty, potentially impacting the simulation’s accuracy regarding grip and handling characteristics.









[bookmark: _Toc176385100]7.0 Remarks at Mid-Point
The initial validation of the simulation model against real-world data has provided promising results, demonstrating a close alignment between simulated and actual lap times. However, while the overall lap times between the simulation and the real-world data are nearly identical, discrepancies in braking and cornering dynamics highlight areas for improvement. The simulation model initially exhibited stronger braking capabilities and more conservative cornering speeds compared to the real vehicle, suggesting that adjustments are needed to better match the actual dynamics observed. These findings underscore the iterative nature of simulation development, where ongoing refinement is crucial for enhancing model accuracy. Adjustments to the simulation have already been implemented to reduce braking performance and increase lateral grip, leading to improved correlation with real-world data. Moving forward, further optimization and validation will be essential to ensure the simulation not only matches lap times but also accurately reflects the vehicle's physical behaviour under various conditions. This process is critical for creating a reliable tool for the continued development and testing of the Morgan Plus 4 under GT4 specifications.

















[bookmark: _Toc176385101]8.0 Morgan Plus 6 GT4 
Having validated the simulation for the Model 4 Plus against real-world data, the design process for the Morgan 6 Plus GT4 can now begin.
[bookmark: _Toc176385102]8.1 Suspension Design 
Due to the regulations set by the SRO, the suspension mounting points of the vehicle must remain unchanged from the factory specifications of the road-going Plus 6 model. Using the data provided by Morgan, the front and rear suspension of the Plus 6 can be constructed accordingly. The image below illustrates the front suspension setup of the Morgan 6 Plus.
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[bookmark: _Toc176297806]Figure 11 - Morgan Plus 6 Suspension
Although the suspension mounting points of the vehicle cannot be modified, the SRO regulations permit the addition of a rear anti-roll bar. Therefore, a conventional drop-link anti-roll bar will be utilized at the rear, similar to the setup at the front, with coordinates referenced relative to the tire contact patch. However, the stiffness of the anti-roll bar will be adjusted during the vehicle's setup optimization process. 
[bookmark: _Toc176385103]8.2 Chassis Torsional Stiffness 
With the addition of a roll cage, the vehicle's chassis torsional stiffness is expected to increase significantly. Although specific data for this enhancement is not yet available, as a roll cage has not been tested within the vehicle, it is reasonable to assume that the structural reinforcement provided by a cage will enhance the overall rigidity of the chassis. The presence of a roll cage typically improves torsional stiffness by reducing chassis flex, thereby improving handling and safety (Milliken & Milliken, 1995). Therefore, increasing the torsional stiffness with the addition of a roll cage can be set as a performance target for the design team responsible for building the vehicle, ensuring it meets the necessary standards for competitive racing (Matsibi, 2020).
[bookmark: _Toc176385104]8.3 Dampers 
Within the SRO GT4 regulations, adjustable dampers are permitted with adjustments available for both bump and rebound settings. For the initial modelling, the dampers will be based on those used in the Ginetta G55, which are currently employed in GT4 racing. Although these dampers are not specifically tuned for the Morgan, they will provide valuable insights into the general behaviour of GT4 dampers. The figure below illustrates the force versus velocity characteristics of the damper.
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[bookmark: _Toc176297807]Figure 12 - Ginetta G55 GT4 Super Cup Dampers











[bookmark: _Toc176385105]8.4 Engine Performance
Engine performance is a critical differentiator between standard road cars and GT4 cars. For the Morgan Plus 6 GT4 project, leveraging the existing partnership between BMW and Morgan Motor Company, the decision has been made to use the BMW M4's twin-turbo engine, which is also utilized in the current BMW GT4 race cars. This engine is known for its high-performance capabilities, offering substantial power and torque that are essential for competitive racing.
[image: ]
[bookmark: _Toc176297808]Figure 13 - BMW M4 Engine Power
Although limited data about this engine is currently available, a power and torque map sourced online provides valuable insights into its potential performance characteristics. This map, displayed below, offers a preliminary understanding of the engine's output across different RPM ranges. However, it is important to consider that the full power and torque of this engine may need to be adjusted to comply with Balance of Performance (BOP) regulations set by the SRO Motorsports Group. These regulations are designed to ensure fair competition across different makes and models by balancing the performance levels, particularly considering the weight differences between the BMW GT4 and the Morgan Plus 6. Despite these potential adjustments, for the purposes of this project stage, it is assumed that the engine will meet the necessary regulatory requirements.


[bookmark: _Toc176385106]8.5 Aerodynamic Targets
For this project, the baseline aerodynamic profile of the Morgan Plus 4 will be utilized as a starting point, given its similar design to the Plus 6. Both vehicles share comparable body shapes and overall dimensions, making the Plus 4's aero characteristics a relevant reference for the Plus 6. However, with the modifications required to meet GT4 specifications, additional aerodynamic components such as a front splitter, aero canards, and a rear wing are permitted. These enhancements can significantly increase the vehicle's ability to generate downforce, which improves handling and stability at high speeds.
Typical modifications to a GT4 car, like those mentioned, can lead to a substantial increase in downforce, often by 20-30% compared to a standard road car (Aschwander, Muller et al 2008). These changes can result in improved cornering speeds and overall lap times. However, it is important to note that the SRO Motorsports Group, which oversees GT4 regulations, has the authority to adjust these aerodynamic parameters as part of the Balance of Performance adjustments to ensure fair competition across different car models (SRO Motorsports Group, n.d.). To accurately reflect these aerodynamic improvements in the simulation model, performance modifiers within the body section will be adjusted to simulate the effects of these added components, providing a more precise representation of the Plus 6 GT4's potential performance.
[bookmark: _Toc176385107]9.0 Optimisation
[bookmark: _Toc176385108]9.1.0 Model Validation 
[bookmark: _Toc176385109]9.1.1 Model Response 
To optimise the model, the model has to be checked against baseline calculations to understand that it is behaving in the correct manor and the response is compliant with the calculations. For the base line test the spring rate increased compared to normal and the effect on tyre load will be measured.
Increasing the spring rate of the vehicle will result in a reduction in body roll, pitch and dive of the vehicle during cornering, acceleration and braking making the suspension system less compliant. However, during cornering, braking, or acceleration, stiffer springs also increase the rate of load transfer from one side of the vehicle to the other, or from front to back, depending on the direction of the force. This can increase the load on the tires at the outer side of the vehicle during cornering, or the front tires during braking, which may enhance grip up to a point, but beyond a certain limit, it can also lead to reduced traction due to overloading the tires.
This can be show in the underlying calculations from (Milliken, Milliken (1995). And is detailed in the calculation below.

Using basic input 




Inputting these values into the equation 

Analysing the effect on the spring stiffness affects on weight transfer distribution between the outside and inside tyres. The roll moment due to cornering is resisted by the suspension's roll stiffness. When increase spring stiffness subsequently the roll stiffness is increase resulting in less body roll and a more rapid load transfer. The load transfer due to roll stiffness, assuming linear behaviour, is proportionally shared between the front and rear axles based on the stiffness ratio. 
Roll stiffness for a spring (K spring) is calculated as:

Initial Spring Values 

Stiffer Spring Values 


The roll angle due to cornering can be calculated as:

With original spring rate

With stiffer spring rate 

With Original Springs: The roll angle is larger, and the load transfer occurs more gradually. The vehicle rolls more, leading to a smoother distribution of weight transfer between inside and outside tires.
With Stiffer Springs: The roll angle is smaller, resulting in a quicker and sharper load transfer to the outside tires. The stiffer suspension resists body roll more effectively, but the weight transfer is more pronounced on the outside tires, potentially increasing the load on these tires and affecting their traction if the limits are reached.
When running the simulation and altering the spring rate the following tyre loads can be seen in the figure below. 
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[bookmark: _Toc176297809]Figure 14 - Wheel Loads with Varying Spring Rates
The same effect can be seen by altering the anti-roll bars to increase roll stiffness showing the reduction in roll angle. 
[image: ]
[bookmark: _Toc176297810]Figure 15 - Roll Angle with Varying Anti Roll Bars
[bookmark: _Toc176385110]9.1.2 Tyre Testing 
The British GT and GT4 Europe series utilize Pirelli slick tires, but the manufacturer releases limited information about their specific characteristics. Due to this lack of detailed data, a standard slick tire model will be used as a substitute in the simulation. Analysis of the tire model reveals that the peak lateral force occurs at a slip angle of -0.17 degrees, which indicates a low peak value with minimal performance degradation as the slip angle increases. Furthermore, testing has shown that lateral performance improves with less negative camber, suggesting a significant sensitivity to camber settings. These findings highlight the need for further investigation into how camber and other setup parameters affect tire performance, which will be explored more thoroughly in the setup optimization process.

[image: ]
[bookmark: _Toc176297811]Figure 16 - Slip Angle Vs Lateral Force for Vary Camber Angles
While these general observations provide a baseline understanding, the specific characteristics of the Pirelli slicks could differ, and obtaining more precise data from controlled testing could refine the model for greater accuracy (Baffet et al., 2006). Understanding tire behaviour under various conditions is critical, as it directly influences the vehicle’s grip, handling, and overall performance on track (Milliken & Milliken, 1995)
[bookmark: _Toc176385111]9.1.3 0-60MPH Test
The first run of the simulation will focus on completing a 0-60 miles per hour test to establish a baseline for engine performance. Given that the BMW M4 GT4 achieves a 0-60 mph time of 3.4 seconds, this figure will serve as a benchmark to evaluate the accuracy of the engine map provided above. By comparing the simulated performance of the Morgan Plus 6 GT4 using the BMW M4’s twin-turbo engine with the known performance of the BMW, we can assess whether the engine mapping in the simulation accurately reflects real-world capabilities. This initial test is crucial for validating the simulation model and ensuring that it correctly represents the power and acceleration characteristics of the engine.
[image: ]
[bookmark: _Toc176297812]Figure 17 - 0-60 MPH Test
Upon running the simulation test, the Morgan Plus 6 GT4 achieved a 0-60 miles per hour time of 3.4 seconds, as depicted in the graph above. This result matches the known performance of the BMW M4 GT4, thereby validating the accuracy of the engine map used in the simulation. The consistency between the simulated performance and the real-world benchmark confirms that the engine mapping accurately reflects the power and acceleration characteristics of the BMW twin-turbo engine. This validation is a crucial step in ensuring that the simulation model provides reliable data for further analysis and development
[bookmark: _Toc176385112]9.1.4 Design of Experiments Strategy 
The initial development of the setup for the Morgan Plus 6 GT4 will take place at the Llandow circuit. To optimize performance in simulation, a systematic tuning process will be followed, starting with the adjustment of spring rates. This is essential for establishing the vehicle’s foundational balance and handling characteristics. After determining the optimal spring settings, attention will turn to tuning the anti-roll bars (ARBs) to further refine the car’s balance, particularly during cornering. Subsequently, the damping settings will be adjusted to manage suspension movement, affecting both comfort and performance.
Once the mechanical components are optimized, the focus will shift to aerodynamic tuning. This involves fine-tuning the aero setup, including the front splitter, canards, and rear wing, to maximize downforce and minimize drag. These adjustments aim to enhance overall grip and speed, particularly in high-speed sections of the circuit. Following these modifications, a comprehensive review will ensure that other parameters, such as suspension geometry, tire pressures, and differential settings, remain at their optimal levels. This iterative approach ensures that every aspect of the vehicle's setup is meticulously balanced for peak performance on the track.
[bookmark: _Toc176385113]9.2 Spring Rates 
The first parameters that will be changed to optimise the vehicle setup will be the front and rear spring rate. Optimizing spring rates is crucial because it enhances handling and stability by reducing body roll and maintaining optimal tire contact with the road, thus maximizes grip and minimizes tire wear. This optimization allows the car improves aerodynamic efficiency by maintaining the desired ride height and balances the vehicle’s dynamics to reduce oversteer or understeer. Overall, well-tuned spring rates provide predictable vehicle behaviour, boost driver confidence, and contribute to faster lap times (Milliken & Milliken, 1995).
The figure below shows the relationship between front and rear spring rates and their impact on lap time. In this test, the adjustable parameter was the rear anti-roll bar, which was set to its softest setting, as the standard Plus model does not come equipped with one.
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[bookmark: _Toc176297813]Figure 18 - Front Spring Rate Vs Rear Spring Rate Soft Anti-Rol Bar

It can be observed that the optimal lap time was achieved with the hardest front spring rate, suggesting potential for further lap time reduction by increasing the stiffness. The rear spring rate achieved its best lap time at 90 N/mm, which is in the middle of its given range. Next, the rear anti-roll bar was adjusted from its softest setting to its stiffest, producing the results shown in the figure below.
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[bookmark: _Toc176297814]Figure 19 Front Spring Rate Vs Rear Spring rate Stiff Rear Anti-Roll Bar
Increasing the rear anti-roll bar stiffness shifts the optimal lap time position and decreases the need for a stiffer front spring rate, allowing for greater flexibility in the vehicle setup. This means that if the vehicle setup is slightly tends oversteer or understeer upon arriving at the track, the spring rates can be adjusted slightly to alter the vehicle's balance without significantly affecting lap times (MZ Hassan, 2016). 
With the new setup, the vehicle can now achieve a lap time of 42.401 seconds, representing a 0.9-second reduction. This optimized setting will be implemented into the model, and further optimization will continue.
[bookmark: _Toc176385114]9.3 Anti-Roll Bars 
The next optimisation setup of the vehicle is to optimize the anti-roll bars of the vehicle. adjusting the anti-roll bar of the vehicle can drastically change the balance of the vehicle from entry to exit of a corner. As weight transfer occurs the weight of the vehicle shifts to the outer tyre. The two different types of weight transfer elastic and geometric. Elastic weight transfer occurs through the springs of the vehicle whereas geometric weight transfer occurs through the chassis and solid mounting points like the anti-roll bar. Therefore, the weight transfer quicker as there is no need for compression of the spring and damper 
The figure below shows the effects of rear anti roll bar vs the front anti roll bar with variable front spring stiffness. 
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[bookmark: _Toc176297815]Figure 20 - Front Anti-Roll Bar Vs Rear Anti-Roll Bar Hard Front Spring
Optimising the anti-roll bars lead to a simulated lap time of 41.761 a 0.650 second reduction in lap time. 
[bookmark: _Toc176385115]9.4 Dampers 
Optimizing the damper settings of a vehicle is crucial for achieving optimal handling and performance on the track. The first figure in the analysis illustrates the relationship between front and rear damping with varying settings of the anti-roll bar (ARB). When the rear anti-roll bar is set to its hardest setting, the best lap times are achieved with a mid-level rear damping and a soft front damping setup. This configuration allows for a balanced distribution of grip and minimizes understeer by enabling the front tires to maintain better contact with the track surface.
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[bookmark: _Toc176297816]Figure 21 – Front Damping Vs Rear Damping Hard Rear Anti-Roll Bar
When the rear anti-roll bar setting is adjusted to a medium stiffness, the overall lap times increase, indicating a decrease in performance. Despite the change in ARB stiffness, the distribution of lap times relative to damping settings remains consistent. This suggests that, while the medium rear anti-roll bar setting does not optimize lap times, it still allows the dampers to function effectively in controlling body movements and maintaining traction.
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[bookmark: _Toc176297817]Figure 22 – Front Damping Vs Rear Damping Mid Rear Anti-Roll Bar
As the rear anti-roll bar is further softened to its least stiff setting, the lap times decrease again, reaching a similar performance level as the hard anti-roll bar setting. This outcome indicates that softer anti-roll bars may provide more mechanical grip by allowing more body roll, which can improve traction in certain conditions. The variation in lap times across different anti-roll bar settings highlights that ARB adjustments primarily influence driver feel and the vehicle's yaw moment control, rather than directly altering the fundamental balance and damping characteristics of the car.
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[bookmark: _Toc176297818]Figure 23 - Front Damping Vs Rear Damping Soft Anti Roll Bar
In conclusion, the optimization of dampers should be done in conjunction with ARB settings to tailor the vehicle's response to the driver’s preference and the specific demands of the track. The anti-roll bar settings, from hardest to softest, offer different characteristics in terms of handling balance and yaw moment, allowing fine-tuning to achieve the desired performance and driver feedback.
[bookmark: _Toc176385116]9.5 Aero Performance
When analysing the aerodynamic performance of the vehicle, the performance sliders were adjusted, ranging from 1.0—representing the baseline downforce of the standard vehicle—to 1.3, which corresponds to a high downforce package. These modifications were applied both to the front and rear of the vehicle. During these tests, the spring rates were also varied to accommodate the different levels of downforce (Milliken & Milliken, 1995; Price, 2022).
The figure below illustrates the relationship between front and rear aerodynamic adjustments. Interestingly, there was no change in lap times across all aerodynamic configurations tested. This outcome is unexpected, as one would typically anticipate a slight change in balance with varying levels of aerodynamic downforce.
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[bookmark: _Toc176297819]Figure 24 Front Downforce Vs Rear Downforce
This observation suggests that further research is needed to explore the impact of aerodynamic adjustments on vehicle balance, as well as to better understand the levels of downforce that can be achieved by a GT4 car. It would also be valuable to investigate other factors that might contribute to this lack of change in lap time, such as mechanical grip or driver input.







[bookmark: _Toc176385117]10.0 Baseline Vs Optimisation 
Having configured the optimal setup for the vehicle the data can be compared against the original setup and results analysed. 
[bookmark: _Toc176385118]10.1 Corner Speed 
The figure below displays cornering speeds for both vehicles setups at Llandow circuit. 
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[bookmark: _Toc176297820]Figure 25 - Baseline Vs Optimisation Corner Speed
The final setup achieves both a higher minimum and maximum corner speed, indicating improved cornering performance. This suggests that the optimized setup allows the vehicle to maintain better grip and stability through turns, contributing to faster lap times. The braking behaviour of the vehicle remains consistent between the baseline and the final setup, as evidenced by the similar speed profiles observed in the initial part of the lap.
Interestingly, in the middle portion of the lap, the baseline setup appears to achieve a better exit speed out of a specific corner. However, the final setup, despite this momentary disadvantage, quickly regains and surpasses the baseline setup’s speed on the subsequent straight. This indicates that while the baseline setup may have momentarily gained an advantage exiting the corner, the superior exit speed of the final setup ultimately provides a greater overall speed advantage on the straights, allowing the vehicle to maintain a faster pace and stay ahead in the lap.
[bookmark: _Toc176385119]10.2 Lateral G Force
The graph shows that both the baseline and final setups have similar patterns in lateral G-forces, indicating that the vehicle's behaviour remained consistent through changes. Despite this similarity in patterns, there are clear differences in the magnitudes of the G-forces between the two setups.
The final setup, depicted by the orange line, consistently exhibits higher lateral G-forces than the baseline setup, represented by the blue line. This increase in G-force suggests that the optimized setup allows the vehicle to sustain higher cornering forces, which could translate into better cornering performance and potentially faster lap times.
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[bookmark: _Toc176297821]Figure 26 - Baseline Vs Final Setup for Lateral Force

[bookmark: _Toc176385120]10.3 Track Characterisation of Donington GP
To gain a comprehensive understanding of the Morgan Plus 6 GT4's competitive performance within its category, a simulation of Donington Park GP will be completed. This approach is strategically chosen because Donington Park is a key track in the British GT race calendar, hosting two rounds each season, making it a relevant and challenging environment for assessing the vehicle's capabilities. Additionally, extensive lap time data from TSL Timing over multiple years is available for Donington Park, providing a valuable benchmark for comparison from the British GT series. Analysing the Morgan Plus 6 GT4’s simulated performance against this data will offer insights into how it may fare against competitors in its class and help predict the level of Balance of Performance (BOP) adjustments it might receive to ensure fair competition. This simulation will serve as a crucial tool in optimizing the vehicle’s setup and strategy ahead of its competitive debut. When designing a new vehicle setup for any motorsport vehicle, it is critical to analyse the circuit and understand the specific characteristics that must be considered for setup optimization (Heilmeier, et al 2018).
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[bookmark: _Toc176297822]Figure 27- Donington Park GP Layout

Donington Park is renowned for being a high-speed cornering circuit, characterized by its fast bends and elevation changes. Aerodynamic grip plays a pivotal role, especially in navigating the circuit’s challenging high-speed sections like Craner Curves and Old Hairpin, where maintaining stability and speed through the corners is essential. Maximizing acceleration out of these corners is vital, as it sets the stage for reaching optimal top speeds on the subsequent straights. Thus, prioritizing both aerodynamic efficiency and strong corner exit performance is key to developing a fast and effective setup for Donington Park.
It should also be noted that Coppice, leading onto the back straight of the circuit, is known for inducing understeer on exit as vehicles get back on power. Optimizing exit speed out of this corner will be critical for achieving the best lap time. This focus on both high-speed stability and efficient cornering performance will be crucial for the Morgan Plus 6 GT4 to excel in its class.
[bookmark: _Toc176385121]10.3.1Difficulties in Track generation. 
When generating a track in VI-grade, several challenges did arise, particularly when dealing with circuits that have significant elevation changes. These elevation changes are difficult to accurately replicate in the simulation environment. Additionally, the track path line was created using data from Google Earth rather than being generated by the vehicle itself. While this method provides a reasonably accurate representation of the circuit, it does not capture the precise racing line that the vehicle would naturally follow, potentially affecting the accuracy of the simulation. Furthermore, when converting the path into a usable file format for VI-grade, approximately one car length of track is lost, though this minor truncation is not expected to significantly impact the overall simulation results.
[bookmark: _Toc176385122]10.3.2 Initial Lap time comparison 
Reviewing TSL Timing Solutions, the pole lap time for Donington GP in the GT4 class was set at 1:33.495 by DTO Motorsport in the 2024 Ginetta G56 GT4 Evo. The grid spanned over 2.5 seconds, with the slowest lap time recorded at 1:36.094 by Stella Motorsport in the 2022 Audi R8 GT4 Evo. The objective for the Morgan Plus 6 GT4 simulation is to match or surpass the pole lap time of 1:33.495, positioning the vehicle as a competitive contender in its class.
In the initial simulations for the GT4-spec Morgan Plus 6 around Donington Park, the vehicle achieved a lap time of 1:41.224. While this time is currently outside the competitive range, it provides a solid baseline for a factory setup. This initial performance offers a valuable starting point for further refinements and adjustments to optimize the car’s setup and improve lap times, aiming to meet or exceed the benchmark set by the current GT4 pole time.
On implementation of the new configurated Setup the vehicle achieved 1:33.370 this value is slightly faster that the original target of the pole lap time. The vehicle could still be slowed down by BOP and placed mid pack 
[bookmark: _Toc176385123]10.3.3 Average speed
On TSL the average lap speed of the vehicle is provided this can be compared against the simulations data. Upon analysis the simulation sets an average speed of 94.80 Mph while the real data has an average of 95.77 Mph. this leads to an error within the track length as the simulation sets a faster time. 94.80 mph average speed would put the vehicle 11th on the grid min pack. 
To find the margin of error both speeds can be converted into meets per second then multiplied by the lap time. This returned a slightly smaller distance in the simulation of 3957.063m compared to the real-life data doing 4003.801 leading to an error of 1.142%. 
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[bookmark: _Toc176297823]Figure 28 – Cornerr speed for Final GT4 Setup at Donington Park GP
[bookmark: _Toc176385124]11.0 Final GT4 Vehicle Setup. 
The final setup for the Morgan Plus 6 GT4 is provided in the table below. Using a design of experiments approach to optimize performance, the vehicle’s spring rate was found to be the most sensitive parameter, resulting in the greatest reduction in lap times. Overall, this tuning led to a 2-second improvement, decreasing the lap time from 43.301 to 41.313 seconds at Llandow.
	Setup Parameter
	Value

	Front Spring
	150 N/mm

	Rear Spring 
	100 N/mm

	Front Anti-Roll Bar
	15000N/mm/deg

	Rear Anti-Roll Bar
	15000N/mm/deg or 50000N/mm/deg

	Front Damping
	3 N-s/MM

	Rear Damping
	5 N-s/MM

	Front Downforce
	1.3

	Rear Downforce
	1.3


[bookmark: _Toc176297793]Table 2 - Final GT4 Setup
[bookmark: _Toc176385125]12.0 Possible Errors within the model 
Although trying to exclude errors within the model there are possible errors that may lead to a difference in performance from the simulation against real life track data. This section brakes down these errors and how they affect the model. 
One significant source of error in the simulation model is the replication of track conditions. The VI-Grade simulation environment assumes a track surface with idealized grip characteristics, often set to 100% grip, which does not fully capture the variability of real-world track surfaces. Factors such as texture, temperature, and wear influence vehicle performance in ways that are challenging to perfectly simulate. These discrepancies can lead to mismatches between the simulated and actual performance data, as real-world tracks exhibit variable grip levels and surface conditions that affect the vehicle's handling and lap times.
The driver model used in VI-Grade introduces another potential source of error. This model allows for adjustments in parameters such as the driver's tolerance for slip and braking aggressiveness, aiming to approximate real driver behaviour. However, replicating the exact driving style of an individual driver is inherently challenging. Variations in driver input, such as braking points and cornering techniques, can lead to discrepancies between the simulation and actual driving data. These differences can affect the overall fidelity of the simulation, making it difficult to achieve a precise match between the simulated and real-world vehicle performance (Albertsson, et al 2024).
Tyre data also represents a critical element that influences simulation accuracy. VI-Grade utilizes a standard road tyre profile to approximate real-world conditions, but this profile is not always an exact match to specific, proprietary tyre data from manufacturers. The limitations in the precision of the tyre data used in the simulation can lead to inaccuracies in grip and handling characteristics. As a result, discrepancies may arise in the simulation's representation of tire performance, impacting the overall reliability of the simulation model in reflecting the true behaviour of the vehicle.
[bookmark: _Toc176385126]13.0 Scheduling
The following segment will outline all scheduling details and the progress of the project. Updates and modifications from the initial report have been made and recorded throughout the project's duration. The updated tables below provide a comprehensive overview of these changes.
[bookmark: _Toc176385127]13.1 Initial Project Schedule and Timeline
The initial report is outlined in the table below. Throughout the project, the schedule may be adjusted to account for unforeseen circumstances that arise. Additionally, any changes to the project criteria could impact the timeline.
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[bookmark: _Toc176297794]Table 3 - Initial Timeline
[bookmark: _Toc176385128]13.2 Project and Schedule at Completion
The initial project schedule outlined above has been adjusted as we reach the midpoint of the project. Unforeseen issues have caused delays, but the project is still on track for completion. The updated project schedule is provided below in red.
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[bookmark: _Toc176297795]Table 4 - Updated Timeline
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[bookmark: _Toc176385129]14.0 Conclusions
This research has extensively examined the use of simulation techniques in motorsport, highlighting their growing importance in vehicle development and performance optimization. Through detailed analysis and application, several key insights have been uncovered that underline the efficacy and potential of these tools when used effectively.
The implementation of simulation technologies in motorsport has proven to be highly effective, offering a cost-efficient and reliable means of predicting vehicle performance. This study has specifically focused on two primary applications: the simulation of the Morgan Plus 4 and the development of a GT4 model. In both cases, the simulations demonstrated a high degree of accuracy when compared to real-world data, underscoring their validity as tools for vehicle development.
The simulation of the Morgan Plus 4 was particularly revealing, demonstrating a strong correlation with real-world driving data. The model was able to accurately predict lateral and longitudinal G-forces, which are critical metrics for understanding vehicle dynamics. The close match between the simulated and actual data suggests that the simulation environment was well-calibrated and capable of replicating the complex interactions between vehicle components and the driving surface. This level of accuracy is significant as it indicates that the simulation can be relied upon for making informed decisions regarding vehicle setup and design modifications.
The importance of this finding cannot be overstated, as it establishes a foundation for further simulation-based research and development. By validating the accuracy of the simulation model against real-world data, we can confidently use this tool to explore various vehicle configurations and performance enhancements without the need for extensive physical testing. This not only reduces development costs but also accelerates the design process by allowing engineers to quickly iterate on potential solutions.
The development of a GT4 model further highlights the potential of simulation tools in motorsport. The GT4 model was built to compete against the current GT4 grid, and the simulated lap times were competitive with actual performance data from existing GT4 vehicles. This achievement is significant as it demonstrates the capability of the simulation to not only replicate vehicle dynamics but also predict competitive performance in a real racing context.
This aspect of the research highlights the versatility of simulation tools, showing that they can be used for a wide range of applications, from initial vehicle concept design to detailed performance optimization. The successful development of the GT4 model also underscores the importance of validating simulation models against real-world benchmarks, ensuring that they provide reliable and actionable insights for vehicle development.
The use of Design of Experiments (DoE) has proven to be an invaluable tool in understanding the sensitivities and interactions between different vehicle parameters. By systematically varying key variables, DoE allows for a comprehensive analysis of how changes in one aspect of the vehicle affect overall performance. This approach is particularly useful in a complex system like a racing car, where small changes can have significant impacts on performance.
One area where DoE was applied successfully was in the optimization of the vehicle's setup. The research explored various strategies, including the optimization of anti-roll bars (ARBs) as a primary focus. By using DoE to systematically adjust the ARBs, the research was able to identify setup configurations that improved vehicle stability and handling. However, it is worth noting that other optimization strategies could also have been explored. For example, starting with spring rates or other suspension components might lead to different, potentially better, performance outcomes. This suggests that while DoE is a powerful tool, the choice of initial parameters and the order in which they are optimized can significantly influence the results.
The potential to explore alternative strategies within the DoE framework highlights the need for flexibility and creativity in the use of simulation tools. By considering different starting points and optimization sequences, engineers can uncover new insights and potentially discover more effective ways to enhance vehicle performance. This iterative process is a key advantage of simulation-based development, allowing for rapid testing and evaluation of multiple scenarios.
Among the various parameters analysed, spring rates were found to have the most significant impact on vehicle performance. Adjusting the spring rates led to noticeable improvements in both handling and lap times, demonstrating the critical role that suspension tuning plays in motorsport. This finding aligns with the well-established understanding that suspension dynamics are crucial for maximizing tire contact and grip, which are essential for achieving optimal performance.
The ability to identify such impactful parameters through simulation is a testament to the value of these tools in vehicle development. By isolating the effects of specific changes, engineers can make targeted adjustments that yield the greatest performance gains. This focused approach not only enhances the efficiency of the development process but also ensures that resources are allocated to the most effective areas.
While the simulations have largely been successful in replicating vehicle dynamics and performance, there are areas where further refinement is needed. One such area is the implementation of aerodynamic forces within the simulation environment. Aerodynamics play a crucial role in vehicle performance, particularly in high-speed motorsport applications where downforce and drag significantly impact handling and lap times.
The research indicates that aerodynamic forces may not have been fully or accurately implemented within the VI-grade simulation platform used for this study. This could be due to several factors, including limitations in the simulation software, inaccuracies in the aerodynamic model, or a lack of detailed input data. Regardless of the cause, further investigation is needed to understand the true impact of aerodynamics on vehicle performance.
To address this issue, future research should focus on improving the fidelity of aerodynamic modelling within the simulation environment. This could involve using more advanced computational fluid dynamics (CFD) tools to generate detailed aerodynamic data, which can then be integrated into the simulation. Additionally, physical wind tunnel testing could be used to validate and refine the aerodynamic model, ensuring that it accurately reflects real-world conditions.
Accurately modelling aerodynamic forces is essential for creating a comprehensive simulation that can predict vehicle performance under a wide range of conditions. Aerodynamics affect not only the top speed and stability of a vehicle but also its cornering performance and fuel efficiency. By improving the accuracy of aerodynamic simulations, engineers can gain a deeper understanding of how different design choices impact overall vehicle performance.
Furthermore, enhanced aerodynamic modelling can help identify areas where performance gains can be made through design modifications. For example, optimizing the shape and placement of aerodynamic elements such as wings, splitters, and diffusers can significantly improve downforce and reduce drag. By incorporating these elements into the simulation, engineers can explore a wide range of design options and identify the most effective configurations for achieving their performance goals.
[bookmark: _Toc176385130]15.0 Remarks from Final Report
In conclusion, this research has demonstrated the power and potential of simulation techniques in motorsport. By accurately replicating real-world driving dynamics and predicting competitive performance outcomes, these tools provide valuable insights that can significantly enhance vehicle development and optimization. The successful simulation of the Morgan Plus 4 and the GT4 model highlights the effectiveness of these techniques in a racing context, while the use of DoE has proven to be a valuable method for understanding performance sensitivities and optimizing vehicle setup.
However, there are also areas where further research is needed. Improving the accuracy of aerodynamic modelling within the simulation environment is a key priority, as this will enable more comprehensive and reliable performance predictions. Additionally, exploring alternative optimization strategies within the DoE framework could provide new insights and lead to even greater performance gains.
Looking forward, the continued development and refinement of simulation tools will be essential for staying competitive in the fast-paced world of motorsport. By embracing these technologies and continually pushing the boundaries of what is possible, engineers and designers can unlock new levels of performance and innovation, driving the future of motorsport forward.








[bookmark: _Toc176385131]16.0 Future Work
To further advance the Morgan Plus 6 GT4's competitive edge, several areas of future development have been identified. Firstly, if Morgan were serious about competing at the GT4 level, a comprehensive rebuild of the vehicle, like the approach taken with the Plus 6 R, could be considered. This would allow for a full kinematic analysis and the opportunity to design a new chassis that better meets the performance demands of GT4 racing. A new chassis design would enable optimization of the suspension geometry and improve overall handling and stability, which are crucial for competitive racing.
Secondly, further work is required in aerodynamics. The current simulation tools, like VI-grade, face challenges in accurately modelling aerodynamic effects, and it is essential to understand how these elements will perform in real-world conditions. An in-depth study focusing on aerodynamic performance, particularly on how components such as the front splitter, rear wing, and underbody flow contribute to downforce and drag, would be beneficial. This would involve both computational fluid dynamics (CFD) simulations and wind tunnel testing, followed by real-world validation to ensure that the aerodynamic setup delivers optimal performance on the track.
Lastly, conducting a detailed track build of a larger circuit would provide valuable insights into the vehicle's performance under various conditions. Analysing performance on a track with detailed racing lines and elevation changes can help identify areas for improvement in the setup and handling characteristics. Additionally, gathering GT4 data from an established racing team would allow for a more precise performance comparison. This data would enable a detailed benchmarking analysis, helping to refine the Morgan Plus 6 GT4's setup to better align with the competition. By addressing these areas, Morgan can enhance its vehicle's competitiveness and develop a deeper understanding of the factors that contribute to success in GT4 racing.
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Figure 1 - Morgan Plus 4 Suspension
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Figure 2 - Plus 4 Front Damper
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Figure 3 - Plus 4 Rear Damper
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Figure 4 - Twist Angle Across Plus 4


Figure 6 - Plus Dyno Results	

Figure 7 – Simulation Vs Motec



Figure 8 – Simulation V2 Vs Motec 


Figure 9 – Simulation Vs Motec Later G
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Figure 10 – Morgan Plus 6 GT4 Front Suspension
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Figure 11 – Ginetta G56 GT4 Damper Profile
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Figure 12 – BMW GT4 Engine Performance
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Figure 13 – Varying Spring Rates vs Wheel Loads
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Figure 13 – Varying Anti Roll Bar Stiffness Vs Roll Angle
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Figure 14 – Tyre Testing with Varying Camber Angle 
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Figure 15 – Morgan Plus 6 GT4 0-60 Validation
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Figure 16 – Front Spring Rate Vs Rear Spring Rate
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Figure 17 – Rear Spring Rate Vs Front Spring Rate
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Figure 18 – Front ARB Vs Rear ARB
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Figure 19 – Front Damping  Vs Rear Damping
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Figure 20 – Front Damping Vs Rear Damping
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Figure 21 – Front Damping Vs Rear Damping
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Figure 22 – Front Downforce Vs Rear Downforce
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Figure 23 – Baseline Vs Optimised Setup Llandow
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Figure 24 – Baseline Vs Final Setup Llandow
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Figure 25 – Final setup at Donnington
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Simulation Vs Motec
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Speed Kmh




Simulation V2 Vs Motec
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Speed Kmh




Simulation Vs Motec Long G
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Long G




Simulation Vs Motec Lateral G
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Power BHP



Simulation Vs Motec
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Speed Kmh




Simulation V2 Vs Motec
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Speed Kmh




Simulation Vs Motec Lateral G
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