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1. [bookmark: _Toc216013135]Introduction
This report aims to assess the performance and responses of the race car model provided in VI Grade during a range of standard dynamic manoeuvres to evaluate different suspension spring and damping setups. This will then progress to assess spring and damper changes around Pembrey Circuit. 
A 4 degree of freedom model will be produced in Simulink using the governing equations of motion, to compare this prediction to data collected from VI Grade.  This simpler model will predict dynamic behaviours that can be compared to validate the model’s accuracy. 
Spring and damper tuning is critical in motorsport as it directly controls load transfer, effects tyre contact and response and alters the feedback from driver inputs and track influences.  Spring rates will determine the ride frequency, the pitch and roll behaviour as well as commanding the aerodynamic platform. The damper settings will control the rate of these changes to shape transient behaviour especially in pitch under braking/acceleration. The correct set up of both dampers and springs will allow the tyres and vehicle to operate within the optimal range at the most time leading to measurable impact on lap time. 















2. [bookmark: _Toc216013136]Methodology
2.1 [bookmark: _Toc216013137]Simulink Model 
A four degree of freedom model was created in order to represent sprung mass heave aswell as pitch, and unsprung heave. The governing equations of motion were derived and implemented into simulink. The model included sprung and unsprung masses, suspension elements (spring stiffness and variable damper force), tyre stifness and damping and aerodynamic loads that are velocity relative.  
Once the Simulink model is produced and validated with bump inputs, VI grade simulations can be ran in order to gain acceleration profiles to input to Simulink aswell as the aerodynamics loads. 
[image: A diagram of a mass

AI-generated content may be incorrect.]First a 1-DOF is created to validate the equation for displacement of a mass (sprung) in vertical motion with a connected spring and damper system. Spring force = -kx. Damping force = cv.



Therefore: 
For a 2dof 2-DOF model an unsprung mass is included. The unsprung components are not supported by the suspension such as wheels, tyres and brakes components. The only change for the sprung mass is displacement y becomes . So, for 2dof:
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[image: ]And for the unsprung mass:Figure 1 Comparison of Mass acceleration graph


Figure 1 shows the 2-DOF model has discrepencies to the 1-DOF from the added unsprung mass causing the body to take longer to settle from each change in bump. This is due to the additional natural frequency from the unsprung mass.
[image: A diagram of a rectangular object with numbers and lines

AI-generated content may be incorrect.]To develop this 2-DOF model further both front and rear corners of the vehicle are modelled. This brings in heave for both axles (vertical motion on z) and pitch (rotational motion around y) creating the 4-DOF model:
(Bereteu & Perescu)
[bookmark: _Toc216013138]2.2 Damping Ratio
The comparison of 1dof and 2dof model shows both systems to be underdamped. The systems damping condition is determined by its damping ratio(ζ) this is calculated by:


In an underdamped system, the mass will oscillate excessively with decreasing amplitude before returning to equilibrium and ζ < 1. An overdamped system will take a long time to reach equilibrium but will not oscillate ζ > 1. The balance of these results in a critically damped system, this means the mass will return to equilibrium rapidly without oscillation and will remain at equilibrium ζ = 1 (Moebs et al). In road vehicles a ζ of ~ 0.3 is appropriate for comfort and reasonable handling. For high downforce race cars, a ζ of 0.5-0.7 is more appropriate for the sprung mass and the unsprung mass should be damped at ζ = 0.3-0.5. Too high of a damping ratio will lead to reduced grip and variation in wear, too low and the grip is also reduced with variation in loads.
Using damping ratio, the VI grade and Simulink models can have varying inputs to alter the damping ratio state above and below critical damping. 
[bookmark: _Toc216013139]2.3 Variable Damping
In the original model, one damping coefficient was used for front and rear damping respectively but this is not reflected in VI Grade as dampers response force is dependent on the velocity it experiences. For accuracy to VI Grade the same variable damping plot was integrated to Simulink using a 1D lookup table. The race car offers 5 changeable velocity-force coordinates these each represent low/high speed bump/rebound as well as stationary. For increased accuracy in both models, more coordinate points can be added but for this study these variables are reasonable. 
[bookmark: _Toc216013140]2.4 Natural frequency 
The natural frequency of the suspension system defines how the vehicle responds to vertical forces and is fundamental to understanding heave and pitch behaviour. For a simplified vertical model, the undamped natural frequency is:

This shows that even modest changes in motion ratio produce squared changes in effective stiffness, significantly altering the predicted natural frequency. In a 2-DOF quarter-car model, the system produces two behaviours. The sprung mass heave, typically 1.0–1.7 Hz for race cars, and the unsprung-mass, wheel bounce, at a much higher frequency, often 8–12 Hz, governed by tyre stiffness and the unsprung mass. These can be described analytically by:
,
They form the basis of the vertical responses observed in both Simulink and VI-Grade. Correct representation of these natural frequencies is essential for correlation between models, as inaccuracies in tyre stiffness and motion ratio can alter modal predictions and cause deviations in pitch and heave behaviour. While damping does not alter natural frequency, it strongly influences the rate at which oscillations decay, affecting stability during braking and acceleration. Therefore, understanding and correctly modelling natural frequency is crucial for assessing how spring and damper changes influence tyre load, aerodynamic platform stability, and overall dynamic behaviour through various scenarios (Gillespie, T.D. 1996). 
Figure 2 Natural frequency calculation based on spring rate and MR

Figure 2 show the natural frequency of both front and rear corners are too low for the race car model. Producing ~ 28% of its mass in downforce a natural frequency of 3.0-3.5Hz would be more appropriate. 
Once a natural frequency is determined from altering spring rates a damping ratio can be determined to best suit the vehicle characteristics,  
[bookmark: _Toc216013141]2.5 Aerodynamic Forces
When analysing performance vehicles, it is imperative to consider the aerodynamic forces. In the original Simulink model aerodynamic forces were assumed to be constant calculated by:

When comparing to VI grade an aerodynamic profile was imported to the Simulink model for more accurate comparison.
One key assumption that was made with the aerodynamic forces was the point at which they were applied. In VI grade there are front and rear downforce values that act at an average point on each axle. This in itself is not accurate to real world but due to the complexities of aerodynamics it would be unrealistic to simulate this in a vehicle dynamics software. For the Simulink model it was assumed that the aerodynamic loads acted at the centre of the vehicle, therefore no torque is generated.Figure 3 Straight line tyre loads with and without aerodynamic loads

Figure 3 clearly shows an increase in tyre load after the launch where rear tyre load increases regardless due to the rearwards pitching moment (squat). The two Simulink runs show opposing trends, ‘with aero’ shows increasing load due to the increasing aerodynamic forces acting downward on the vehicle and ‘no aero’ is mitigating back to no delta in load.

[bookmark: _Toc216013142]2.63 VI grade to Simulink comparison
For all tests the VI Grade race car model was used with a variety of spring and damper changes.
When evaluating set up changes there is a large variety of standardised tests available through VI grade. For this study the sine steer test and straight-line acceleration test were used for roll, heave and pitch analysis. Pembrey circuit analysis was conducted for real world simulation. 
The sine steer test causes steering angle to oscillate at a frequency of 0.5. This is high enough to capture the fundamental steering and chassis response without disruption of high frequency tyre effects. An amplitude of 30° gives a strong input while allowing the vehicle to remain in a stable state and an initial velocity of 30m/s represents a realistic mid speed corner where a combination of aerodynamic and mechanical forces is present. A sine steer test is used for the controlled and repeatable waveform, to allow for simple analysing how changes in suspension set up effect lateral acceleration, stability and lateral load transfer. 
Straight line acceleration testing is used to evaluate the vehicle’s behaviour without the influence of cornering forces, allowing isolation of specific longitudinal and vertical dynamics. In this controlled test, factors such as squat, tyre load transfer, damper behaviour and aero loads can be assessed. For braking scenarios turn 1 at Pembrey will be analysed as this is where the greatest velocity decrease is present due to the nature of the hairpin.
Simulated track testing at Pembrey was used to evaluate how different spring and damper setups influenced the car’s behaviour over a full lap. Running the circuit in VI-Grade allows the suspension changes to be assessed under realistic braking, acceleration and cornering loads but in a fully controlled and repeatable environment. This makes it possible to compare setups purely on their dynamic performance, without the variability of real-world conditions, and to see how changes affect ride height, pitch stability, tyre loads and overall lap time.


[bookmark: _Toc216013143]3 Dynamic Simulations
[bookmark: _Toc216013144][image: ]3.1 Straight line testingFigure 4 Straight line set ups

Only dampers were tested in a straight line as springs mainly determine static ride height and natural frequency which with no lateral load transfer produce little difference between set ups. Dampers will affect response to acceleration and settling speeds – the rate of motion (Milliken and Milliken, 1995).
Only small discrepancies are seen between set ups and these all occur at gear changes when the longitudinal load transfer is reduced. The larger heave spikes in the HS configuration indicates that the soft rear dampers are not generating enough force to decelerate the downwards motion of the chassis, however the trend returns to equilibrium after one oscillation. The orange line of SS shows the longest time for the oscillations to settle caused by the underdamping of both front and rear axles. The time for recovery is significant at ~0.3 seconds. This imbalance between a stiff front and soft rear makes the HS transient response more pronounced than the SS setup, where damping is reduced uniformly and the pitch behaviour remains more balanced. In contrast, the HH setup shows the smallest disturbances, as the increased damping at both axles provides greater resistance to vertical motion and enables faster, near instant decay of the transient response.Figure 5 Straight line heave graph

[bookmark: _Toc216013145]3.2 Pembrey Circuit Testing
[image: ]When analysing circuit data, heave, pitch and tyre forces will be analysed. The following set ups will be tested. Figure 6 Pembrey Track testing set ups

When testing dampers the springs remained at default set up and the same methodology was used for testing springs. S relates to 50% of the original value and H relates to 150% of the original value. z

Figure 7 Pitch angle change with damper changes Pembrey Circuit data
Figure 7 is taken from turns 1 and 2 at Pembrey to analyse pitch control under braking and acceleration. Pitch control is needed during braking and acceleration to reduce instability caused by excessive and inconsistent longitudinal load transfer. During braking, excessive forward load transfer reduces rear-axle grip and efficiency, and although additional aerodynamic balance shifts occur due to reduced front ride height, this model applies aero forces only as a function of velocity. The pitch angle response shows that damper tuning has a significant influence on how effectively these load transfers are managed. The HH setup generates the smallest pitch angles, resisting both dive and squat and returning to neutral attitude much faster, demonstrating control of longitudinal weight transfer. Overall, the graph illustrates how balanced, higher damping reduces pitch amplitude and settling time, improving stability and tyre load consistency during both braking and acceleration. 
The VI Grade trends show what is to be expected from increasing rear rebound stiffness in braking, a stiffer rebound produces a greater resistance force to the extension of the rear damper - the rear ride height will increase less. On corner exit, the reverse effect is visible with softer front rebound, the dampers are not producing the same resistance force to the increase of front ride height leading to increased squatting at corner exit. 
The Simulink model shows the same trend for braking, a decrease in pitch however shows the inverse for acceleration, the pitch is lower than that of the baseline. 

Figure 8 Pitch angle changes with both spring and damper changes
Figure 8 shows the Simulink model to have close correlation with the VI grade trends except for the areas of high pitch angles; however the trends follow similar patterns for the same set ups. Spring changes show to also influence pitch due to their resistance of compression under load and from the VI grade data are more effective at doing so, however, if the spring rates are altered this will have a significant impact on load transfer which is why dampers are more commonly used for pitch control (Milliken and Milliken, 1996). Although the Simulink model shows to follow the trends there is very little discretion between the spring and damper changes, only at periods of transition from dive to squat. This suggests that the Simulink model is not sensitive to where pitch control comes from as it uses linear spring stiffness and no motion ratio. Therefore, the pitch responds to the overall change in stiffness and not the response to damping force or spring force. 

Figure 9 Front tyre load Pembrey with spring changes
Figure 9 shows how front spring stiffness affects tyre loading through braking and acceleration. The VI-Grade results indicate that HS produces the highest front-tyre loads during braking as the stiff front springs resist compression, causing more load to be transferred forward. SH generates lower front-tyre loads, as the softer front springs allow greater compression and reduce the load supported at the tyre. The Simulink trends follow the same pattern, with HS sitting above SH, though the model underpredicts peak loads and smooths some transient features. Across both models, stiffer front springs clearly increase front-axle load during braking, while softer front springs reduce load, reflecting the influence of vertical stiffness on longitudinal load transfer.

[bookmark: _Toc216013146]3.3 Sine steer test
The sine steer test was only conducted using VI grade in order to capture lateral load transfer and dynamic roll angles. The test was not replicate with Simulink 4-DOF model as this is not capable of capturing roll angle and a 7-DOF model would be needed. The following set ups were used: Figure 10 Sine Steer set ups

After analysing results both damper changes and spring SH and HS did not make an impactful difference to the roll angle of the vehicle so have not been included for clarity. The damping does not effect roll as significantly as springs as roll angle is governed by the roll stiffness. During the relatively low amplitude of this sine steer test, the suspension moves slowly and consistently meaning low damper velocity and dampers force depends on the velocity at which they are acting. When in this slow-moving region, large changes to damping will produce little resistive forces to motion. The SH and HS spring combinations showed the same roll over the chassis however these set ups led to different handling characteristics. In the model the ARB is also simulated, further increasing roll stiffness and reducing effect of damper changes. 
Figure 11 Slalom roll angle
The Spring SS setup produces the largest roll angles, while the Spring HH setup produces the smallest, with the Baseline sitting between them. This difference arises because spring stiffness directly contributes to the suspension’s roll stiffness: stiffer springs generate larger resisting forces for a given lateral load transfer, reducing the amount of chassis rotation. As a result, the softer spring setup allows greater roll, whereas the stiffer setup keeps the vehicle body flatter throughout the manoeuvre. (Gao J, 2020) 
Figure 12 Slalom rear tyre load transfer
The rear load transfer reflects the same trend as body roll, however, the unbalanced set ups show more load transfer and the balanced set ups only show slight variation from baseline – an opposing outcome to body roll. This shows that with a higher roll angle, load transfer can remain relatively consistent. This effect occurs as when both front and rear stiffness increases, any effect of one axle increasing load transfer is equalised by the other axle experiencing the same effect however total lateral load transfer will remain constant. It can be concluded the greater the difference in front to rear roll stiffness the greater lateral load transfer will be experienced. SH experiences ~ 400N more load transfer at peak compared to HS experiencing ~300N less load transfer. 


[bookmark: _Toc216013147]4 Limitations and assumptions
[bookmark: _Toc216013148]4.1 Motion Ratio
The motion ratio directly affects the suspension forces in the Simulink model. A motion ratio converts wheel movement into spring and damper movement. As an MR is not included, the model creates a 1:1 relationship, meaning the spring and damper see the same displacement and velocity as the wheel. The Simulink 4-DOF will predict incorrect ride frequencies, damper forces, wheel-hop behaviour and pitch response, because the suspension is effectively much stiffer or softer than intended depending on the axle.
[bookmark: _Toc216013149]4.2 Aerodynamic Loads
The application of all aerodynamic loads is a simplification made in the Simulink model whereas in VI grade it is modelled as front and rear loads. This does not only effect heave and total loads but also pitch and front to rear axle loads. If greater downforce is generated at the front of the vehicle a nose down moment is created about the pitch centre, increasing front tyre loads. The centre of pressure plays a crucial role in vehicle dynamics and dictates stability in high-speed corners, such as Honda – Pembrey.
[bookmark: _Toc216013150]4.3 Tyre Modelling
The Simulink models assumes a constant tyre stiffness in only vertical motion. Rear tyres specifically, due to typically larger side walls, experience nonlinear behaviour as stiffness will change with load increase. This means tyre compression is not captured appropriately under load transfer effecting ride frequency and aerodynamic platform through heave and pitch. The lack of a lateral tyre model means no slip angle is generated reducing the effect of over/understeer or transient steering response (Nowlan, D. 2021). 


[bookmark: _Toc216013151]5 Conclusion
[bookmark: _Toc216013152]5.1 Model
This study assessed how spring and damper variations influence the vertical and longitudinal dynamics of a race car using both a simplified 4-DOF Simulink model and a higher-fidelity VI-Grade vehicle model. 
The results show that damper changes have the greatest effect on transient pitch behaviour, with stiffer configurations reducing dive, squat and settling time, while unbalanced setups create larger pitch spikes and slower recovery. Spring changes primarily altered ride frequency and roll stiffness, influencing chassis attitude and tyre load transfer, especially in cornering. Across all tests, the Simulink model reproduced the general trends observed in VI Grade but consistently under predicted pitch magnitudes due to its simplified tyre model, lack of motion ratio acknowledgement and the simplified aerodynamic force model at a single point. These assumptions limited accuracy in areas where nonlinear effects are important to capture. 
Overall, the comparison highlights that simplified models are valuable for understanding fundamental behaviours and relative trends, but higher-fidelity tools are required when analysing detailed handling characteristics or aero-sensitive platforms.
[bookmark: _Toc216013153]5.2 Further Work
Further work incorporating motion ratios, a nonlinear tyre model and distributed aerodynamic loads would improve correlation and enable more accurate prediction of real vehicle responses.
A 7-DOF model would greatly improve correlation between VI Grade and the Simulink data. 
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Figure 13 MatLab input code
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Figure 14 Constant aero input
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Figure 15 Bump input
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Figure 16 Simulink code for Z
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Figure 17 Simulink code for theta (pitch)
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Figure 18 Simulink code for zf
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Figure 19 Simulink code for zr
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Heave (m)




Pitch angle with damper changes
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Pitch angle with damper and spring changes
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 Pitch angle (degrees)




Front Tyre Force with Spring Changes - Pembrey
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Tyre Load (N)




Slalom Roll
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Roll Angle (rads)




Slalom rear axle lateral load transfer
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