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[bookmark: _Toc216035330]Abstact 
This report investigates the influence of suspension spring and damping characteristics on vehicle dynamics using a combined modelling approach in VI-Grade CarRealTime and MATLAB/Simulink. A series of dynamic manoeuvres—including straight-line acceleration, and sine steer—were performed on a selected sports car model in VI-Grade to assess tyre load variation, pitch behaviour, chassis roll, and overall vehicle performance. These setups were further evaluated through maximum-performance lap simulations at Pembrey Circuit to determine the impact of suspension changes on handling. To complement the multi-body simulations, a four-degree-of-freedom half-car model was developed in Simulink to capture the vertical and pitch dynamics of the vehicle. The model was subjected to bump and longitudinal acceleration inputs using the same parameter sets as the VI-Grade simulations, enabling comparison between high-fidelity and analytical modelling approaches. Results showed that softer front springs increased pitch under acceleration, while stiffer rear springs and increased damping reduced both pitch and roll motion. Overall, the study highlights the importance of suspension setup in controlling body motion and improving vehicle balance, while demonstrating the complementary value of multi-body simulation and analytical modelling in motorsport engineering workflows.


[bookmark: _Toc216035331]Introduction 
This report will demonstrate the results and findings of a simulation on vehicle ride performance through the Simulink Package alongside a simulation to determine the performance and tyre load of the given vehicle model.  Conducting a series of manoeuvres from the VI-Grade software in order to evaluate an array of spring and damper setups. This report aims to present a comprehensive analysis of vehicle dynamics modelled in VI-Grade and Simulink, using the given vehicle model and a bespoke half car model built using Matlab/Simulink. Beginning with an evaluation of the selected model in VI-Grade, determining tyre loads, suspension behaviour and overall performance across dynamic manoeuvres and a lap simulation of Pembrey Circuit. Using systematically altered spring and damper rates, an investigation of suspension setup against handling and lap time can be completed. 

To complement this simulation, a half car model has been derived from the first principles in Simulink, this model is then used to simulate the models’ responses to bump inputs and imposed longitudinal accelerations. This allows a direct comparison of the VI-Grade and Simulink models to give valuable insights into the strengths, limitations and applicability into multi-body simulation and analytical models within the engineering discipline. This can then be used to demonstrate how simulation driven changes can enhance the vehicles performance through the simulation for rapid testing, providing valuable data for race teams and academic disciplines. 

[bookmark: _Toc216035332]Aims 
· Use VI-Grade to assess vehicle performance and tyre responses on the sports car model chosen in the software. 
· Conduct a lap simulation through VI-Grade on the Pembrey circuit model to determine the impacts of different suspension setups on vehicle performance and handling.
· Develop a Simulink model to represent the chosen model through VI-Grade. 
· Generate vehicle performance data through Simulink, using the software to input different bumps for the array of suspension setups. 

[bookmark: _Toc216035333]Objectives 
· Using class materials and research, create an initial array of suspension setups to be used in the VI-Grade software. 
· Use the generated suspension setups and simulate these within the software to give performance vehicle handling data. 
· Build a Simulink Model from a 1 degree of freedom (1DOF) through a 2 degree of freedom model and finally a 4 degree of freedom model. 
· Once a half car model has been finalised through Simulink, acceleration and bump inputs can then be generated to run the model through to assess the response from the simulation and then compare against VI-Grade’s results. 




[bookmark: _Toc216035334]Methodology 
This study combines simulation -based and an analytical modelling approach to investigate the influence of spring and damping characteristics on vehicle performance and ride handling. This methodology is divided into two components: the multi body simulation using VI-Grade and the development of a 4 degree of freedom model implemented through Matlab and Simulink.

[bookmark: _Toc216035335]Vehicle Simulation in VI-Grade 
The sports car model was selected from the given examples in VI-Grade for analysis The baseline suspension parameters and mass characteristics were reviewed in order to match that of a half car model to ensure compatibility with the model developed in Simulink. Default settings in VI-Grade were used for an initial baseline of performance to compare further results.

[bookmark: _Toc216035336]Suspension Characteristic Changes
[image: ]The changes made to the suspension will be visualized below. To ensure the results from VI-Grade match the results gathered from Simulink, a linear damping mode has been chosen for the simulations run in VI-Grade. Furthermore, several systematic changes have been made to the spring rates and linear damping rates on the front and rear suspension setups. This allows a clear change to be seen on the table below. Table 1 shows the desired characteristic changes chosen for the multi-Body simulation.


[bookmark: _Toc216035337]Dynamic Manoeuvre Testing 
A series of standard tests in VI-Grade were conducted to gather data and evaluate vehicle behaviour and responses under transient conditions; these tests are as follows: 
· Step Steer – this is used to assess the vehicles response to sudden steering input 
· Sine steer – This involves the steering input to be oscillated under a sine wave in order to assess the vehicles response and evaluate the vehicles lateral displacement
· Straight acceleration – This is used to determine the Pitch under acceleration and allows a direct comparison to the model in Simulink
[bookmark: _Toc216035338]Max Performance Testing 
The modified suspension setups were then tested on a max performance lap using the Road and Path files of Pembrey. Key metrics were taken to analyse the impact of each setup change on the performance through the lap. Each run was completed with each setup change as per Table 1, this was to allow easy comparison to the base line data gathered from the initial run with only the linear damping change.  


[bookmark: _Toc216035339]Half-car Modelling 
A half car model was then constructed in order to represent the vertical and the pitch dynamics of the half car as ran in VI-Grade. Four equations of motion were used to model this system in Simulink. The model was implemented into Simulink using specified blocks and subsequent subsystems showing: 
· Bump Inputs 
· Acceleration Inputs 
· Front + Rear masses
· Inertia and vertical displacement 
[image: A diagram of a computer
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AI-generated content may be incorrect.]The parameter values to generate the data for this model were taken from VI-Grade to ensure the validity of comparison from both Models.  Figure 2 shows the Inertial implementation for the Simulink half car model.
Figure 1 shows the Simulink implementation for the sprung mass vertical displacement






[bookmark: _Toc216035340]Ride Performance Simulation 
Using this model created in Simulink, multiple bump inputs to test the damping and ride performance or each setup, each spring and damper values were replicated from the VI-Grade software. 
[image: A diagram of a function
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AI-generated content may be incorrect.]Figure 3 shows the Bump inputs subsystem that for ride simulation.[bookmark: _Toc216035253]Figure 1 shows the implementation to calculate the front sprung mass vertical displacement.

[image: A diagram of a block diagram

AI-generated content may be incorrect.]Figure 4 shows the implementation for the rear sprung mass vertical displacement.










[bookmark: _Toc216035341]Acceleration Input Modelling
The model was adjusted to include an imposed longitudinal acceleration input; this was to ensure fair comparison between the VI-Grade acceleration testing to ensure validity of the results of the model. Once this input was added, the half car model was complete, and valuable data was able to be gathered from it using the bump and acceleration inputs. 
[image: A diagram of a diagram

AI-generated content may be incorrect.]
Figure 5 shows the acceleration Input used in the Simulink model.
 


[bookmark: _Toc216035342]Analysis of Results
In this section, results from the suspension setups used in VI-Grade and the data gathered from the 4DoF model will be arrayed. Due to the simplification of the half car model compared to the Multi body simulation in VI-Grade, comparisons will be taken from trends from either simulation, to assess the validity of the half car model and predict comparable behaviours between both model types. 

[bookmark: _Toc216035343]Straight Line Acceleration 
A straight-line acceleration manoeuvre was conducted for the given model in order to easily compare to the results given from Simulink, the results of the VI-grade test will be portrayed here for comparison later. The setup for the straight-line acceleration test was an initial velocity of 0KPH and a final velocity of 100KPH, this was consistent for each run made. Four runs were concluded in this test, with a range of spring rates and damper rates, these are listed below. 
· Base run – Front 95N/mm and Rear – 105N/mm, the damper rates was 9°/Ns/mm and the rear had 10°/Ns/mm
· Run 1 - Front 85N/mm and Rear – 105N/mm, the damper rates were 9°/Ns/mm and the rear had 10°/Ns/mm 
· Run 2 – Front 105N/mm and Rear 125N/mm, the damper rates were 9°/Ns/mm and the rear had 10°/Ns/mm
· Run 3 – Front 105N/mm and Rear 125N/mm, the damper rates were 13°/Ns/mm and the rear had 14°/Ns/mm 
These setups were used for all of the dynamic testing to ensure validity of the tests and compatibility of results. 
The results from this test are shown in the graphs below: Figure 6 shows the pitch displacement in respect to the road surface vs the time the test was carried out over.



Figure 7 shows the front tire forces experienced through the acceleration test.

[bookmark: _Toc216035344]Pitch displacement 
As the above graph shows, the pitch displacement for the straight line acceleration test gave similar results for all of the simulations besides the first Run, this can be attributed to the reduced spring rate given to the front suspension, this gives the car a squat like position in the beginning of the test which is carried out until the suspension settles further along the test. 
[bookmark: _Toc216035345]Tire forces vs Time 
Figure 2 shows the tire forces experience on the front compared to time, as can be seen, the tire forces were the same with minimal changes throughout the test, this could be attributed to the changes given to the suspension not causing a huge effect on the tire forces experienced. (Ambrosio, 2005)









[bookmark: _Toc216035346]Sine Steer 
The test sine steer is a dynamic manoeuvre that has the vehicle travelling at a consistent speed before inducting a steering input side to side in a similar fashion to a sine wave, gaining its moniker. This test causes and oscillation of the tyre forces experienced side to side and allows a view of the dynamic responses of the suspension characteristics of each setup type used for this test. The characteristics were the same as used on the Straight-line acceleration test. 
· Base run – Front 95N/mm and Rear – 105N/mm, the damper rates was 9°/Ns/mm and the rear had 10°/Ns/mm
· Run 1 - Front 85N/mm and Rear – 105N/mm, the damper rates were 9°/Ns/mm and the rear had 10°/Ns/mm 
· Run 2 – Front 105N/mm and Rear 125N/mm, the damper rates were 9°/Ns/mm and the rear had 10°/Ns/mm
· Run 3 – Front 105N/mm and Rear 125N/mm, the damper rates were 13°/Ns/mm and the rear had 14°/Ns/mm Figure 8 shows the pitch displacement gathered against the time across the test.











Figure 9 shows the chassis roll experienced against time.

[bookmark: _Toc182050599]

[bookmark: _Toc216035347]Pitch Angle against time 
As can be seen form Figure 3, the pitch angle experience changes in line with the sine steer test, this is due to the dynamically shifting from corner to corner. This figure also shows that during this test, run 3 had the least amount of pitch angle displacement compared to the other setups concluded. This could be attributed to run 3 having the stiffest rear spring rate at 125N/mm 
[bookmark: _Toc216035348]Chassis Roll against time 
In Figure it is shown that the roll experienced through the test is similar to a sine wave, with the car rolling side to side it shows that again run 3 experiences the least amount of roll when the steering is introduced, this can be down to the rear springs having the highest spring rate of the setups used and the normal damper rates (Xubin Song, 2011) 
[bookmark: _Toc216035349]Pembrey Testing 
The tests conducted using the Pembrey road and path files in VI-Grade, these were conducted using an initial velocity of 0KPH and conducted a max performance lap to visualise the performance of the vehicle to compare them against each other under each setup. The setups conducted for this test were as follows: 
· Base – 95N/mm Front Spring rate, 105N/mm Rear Spring rate, 9Ns/mm and 10Ns/mm damper rates for front and rear respectively.
· Run 1 – 85N/mm Front Spring rate, 95N/mm Rear Spring rate, 9Ns/mm and 10Ns/mm damper rates for the front and rear respectively. 
· Run 2 – 105N/mm Front Spring rate, 105N/mm Rear Spring Rate, 9Ns/mm and 10Ns/mm damper rates for front and rear respectively.
· Run 3 – 115N/mm Front Spring rate, 115N/mm Rear Spring rate, 9Ns/mm and 10Ns/mm damper rates for front and rear respectively.
· Run 4 – 95N/mm Front Spring rate, 105N/mm Rear Spring rate, 11Ns/mm and 12Ns/mm damper rates for the front and rear respectively.
· Run 5 - 95N/mm Front Spring rate, 105N/mm Rear Spring rate, 13Ns/mm and 14Ns/mm damper rates for the front and rear respectively.
· Run 6 - 95N/mm Front Spring rate, 105N/mm Rear Spring rate, 15Ns/mm and 16Ns/mm damper rates for the front and rear respectively.


Figure 12 shows the rear damper velocity over the course of the lap
Figure 11 shows the Front damper velocity of each setup over the course of a lap
Figure 10 shows the pitch angle of each setup over the course of the lap

[bookmark: _Toc216035350]Pitch Angle 
Figure 6 shows the pitch angle in respect to road that is experienced by each car from the setups, as it can be deduced, Run 3 had the best overall performance in respect for pitch angle, experiencing the least change in pitch. 
[bookmark: _Toc216035351]Damper Velocities 
Figure 7 and 8 visualise the velocities experienced by the dampers front and rear, as can be seen from these graphs, Run 6 had the best overall performance for these with the lowest velocity of them all, this is due to this setup having the highest damper rate causing a higher force needed to compress the damper at the same rate of the others, it can also be deduced that due to this higher force needed, this can make the car slower an cause a loss of grip through corners. A higher damping ratio can be ideal for controlling the body through pitching and rolling but a decreased amount control through bumps (Nowlan, 2023)
[bookmark: _Toc216035352]Half-Car model results 
[image: A graph of a graph

AI-generated content may be incorrect.]The figure above shows the graphs produced through the Simulink package, stating Yf and Yr being the bump inputs with the frequency delay to show the bump being induced under the front wheels and then the rear wheels. Z being the sprung mass vertical displacement under the bump input and Theta being the pitch angle in radians. To make the visualisation of Theta be easier to interpret, theta degree has been implemented, this converts the number produced into degrees. 
Figure 13 shows the results gathered from the bump input simulated in Simulink.

[bookmark: _Toc216035353]Evaluation of Results
[bookmark: _Toc216035354]6.1 Overall Evaluation 
[bookmark: _Toc216035355]The results obtained from both the VI-Grade simulations and the Simulink half-car model provide a clear indication of how suspension stiffness and damping characteristics influence vehicle behaviour under a range of dynamic conditions. Overall, the findings show good internal consistency and demonstrate the expected trends associated with changes in spring rates and damping ratios. However, some discrepancies and limitations should also be acknowledged.
[bookmark: _Toc216035356]6.2 Straight-Line Acceleration
[bookmark: _Toc216035357]The straight-line acceleration tests revealed that reducing the front spring rate resulted in noticeably greater pitch motion, confirming that a softer front end induces increased squat during initial load transfer. This behaviour aligns with established suspension theory and supports the validity of the simulation setup. However, tyre load variation remained relatively small across all setups, suggesting that the magnitude of spring and damper changes may not have been large enough to significantly influence longitudinal load transfer. This highlights a limitation: the parameter range used, while realistic, may have been too narrow to generate pronounced differences in tyre forces.
[bookmark: _Toc216035358]6.3 Sine Steer and Lateral Dynamics
[bookmark: _Toc216035359]
The sine steer test demonstrated clearer distinctions between suspension setups. The stiffer configurations—particularly Run 3—showed reduced pitch and roll amplitudes, indicating improved chassis control under oscillatory steering inputs. The behaviour observed is consistent with the mechanical principles governing roll stiffness and damping. These results support the conclusion that higher spring and damping rates improve transient lateral stability. However, the simulation did not incorporate non-linear effects such as tyre relaxation length or kinematic roll tendencies, which may limit the direct applicability of the results to real-world vehicle behaviour.
[bookmark: _Toc216035360]6.4 Pembrey Circuit Lap Simulations

[bookmark: _Toc216035361]Across the Pembrey laps, the suspension setups with higher damping rates exhibited lower damper velocities and more controlled body motion. While this improved stability, it also introduced potential drawbacks, such as reduced compliance over bumps and possible grip reduction through corners. This highlights an important performance trade-off: achieving optimal handling requires balancing body control with the need for suspension mobility. The lap simulation results effectively reflect this compromise, although direct lap time comparisons were not explicitly shown in the data. Including lap time deltas would have strengthened the evaluation by providing a clearer link between setup changes and on-track performance.
[bookmark: _Toc216035362]6.5 Comparison with Simulink Half-Car Model
[bookmark: _Toc216035363]The Simulink half-car model reproduced key trends seen in VI-Grade, particularly in the bump and acceleration inputs. Pitch behaviour, sprung mass displacement, and the timing of responses closely matched the qualitative shape of the VI-Grade results, demonstrating that the simplified analytical model is capable of capturing essential vehicle dynamics. Nonetheless, numerical differences are expected due to simplifications, such as the absence of suspension kinematics, tyre compliance, and load-dependent damping effects. These omissions limit the model’s predictive accuracy but do not undermine its value as a conceptual and educational tool.
[bookmark: _Toc216035364]6.6 Validity and Limitations

[bookmark: _Toc216035365]Overall, the results were consistent with theoretical expectations, reinforcing confidence in the methodology. The key limitations identified include:
· [bookmark: _Toc216035366]the simplification of the half-car model,
· [bookmark: _Toc216035367]lack of non-linear suspension and tyre effects,
· [bookmark: _Toc216035368]a relatively small range of parameter variations, and
· [bookmark: _Toc216035369]limited performance metrics (e.g., lap times not explicitly compared).
· [bookmark: _Toc216035370]Despite these limitations, the findings align well with established vehicle dynamics principles and provide a robust basis for evaluating the effect of suspension setup changes.
[bookmark: _Toc216035371]6.7 Overall Assessment

The results demonstrate a sound understanding of suspension behaviour and highlight how multi-body and analytical models can complement each other, VI-Grade offers a good insight into complex vehicle responses, while Simulink enables a clear investigation of the fundamental dynamics. Together, these tools enable effective suspension evaluation and provide a credible representation of how setup changes influence performance, stability, and ride behaviour.
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Front Tire Forces vs Time  
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Force




Pitch Displacement Vs Time
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Displacement




Chassis Roll Vs Time
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Roll (Radians)




Rear Damper Velocity
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Velocity




Front Damper Velocity
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Run 1  85N/mm  105N/mm  9°/Ns/mm 10°/Ns/mm

Run 2 90N/mm  110N/mm  9°/Ns/mm 10°/Ns/mm

Run 3 95N/mm  115N/mm  9°/Ns/mm 10°/Ns/mm

Run 4 100N/mm  120N/mm  9°/Ns/mm 10°/Ns/mm

Run 5 105N/mm  125N/mm  9°/Ns/mm 10°/Ns/mm

Run 6 85N/mm  105N/mm  9°/Ns/mm 10°/Ns/mm

Run 7 90N/mm  110N/mm  10°/Ns/mm 11°/Ns/mm

Run 8 95N/mm  115N/mm  11°/Ns/mm 12°/Ns/mm

Run 9 100N/mm  120N/mm  12°/Ns/mm 13°/Ns/mm

Run 10 105N/mm  125N/mm  13°/Ns/mm 14°/Ns/mm
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