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[bookmark: _Toc216034073]Introduction 
This report analyses how suspension springs and dampers influence vehicle behaviour using two simulation environments: VI-Grade and Simulink. Both tools allow investigation of suspension geometry, spring and damper characteristics, and tyre forces key factors affecting grip, stability, and handling while avoiding the cost of physical testing.
In Task 1, VI-Grade CarRealtime is used as a full multibody model to study tyre loads, heave, pitch motion, and the effects of suspension tuning across dynamic manoeuvres and a full circuit lap.
Task 2 develops a 4-DOF half-car model in Simulink, extending from basic 1-DOF and 2-DOF theory to analyse vertical and pitch behaviour under different suspension setups and acceleration inputs.
VI-Grade provides a high-fidelity representation of real vehicle behaviour, while the Simulink model offers a simplified but more transparent view of the underlying physics. Comparing the two allows evaluation of how suspension tuning affects ride, load transfer, and handling, and highlights the strengths and limitations of each modelling approach for motorsport engineering.
[bookmark: _Toc216034074]Methodology:
[bookmark: _Toc216034075]Overview:
This section outlines the main methods used to analyse suspension behaviour through two main different approaches:
Approach one is using a high-fidelity multibody vehicle simulation in Vi-Grade CarRealTime. Approach two is then using a built 4-DOF analytical half-car model developed in Simulink.
The overall aim is to evaluate how changing suspension set ups such as springs and dampers influence characteristics such as ride quality, load transfer and overall vehicle performance.
[bookmark: _Toc216034076]Vehicle parameters and model assumptions
The vehicle model parameters were obtained from the Vi-Grade sports car base model. These include:
Table 1 Vehicle parameters
	Property
	Symbol
	Value
	Notes

	Sprung mass (half-car)
	(ms)
	680 kg
	1360 kg full vehicle mass

	Front unsprung mass
	(mf)
	45 kg
	

	Rear unsprung mass
	(mr)
	51 kg
	

	Pitch inertia (half-car)
	(Iy)
	691.013 kg·m²
	From VI-Grade value

	Front spring stiffness
	(kf)
	30,000 N/m
	

	Front damping coefficient
	(cf)
	10,000 Ns/m
	

	Rear spring stiffness
	(kr)
	50,000 N/m
	

	Rear damping coefficient
	(cr)
	10,000 Ns/m
	

	Front tyre stiffness
	(ktf)
	200,000 N/m
	

	Rear tyre stiffness
	(ktr)
	200,000 N/m
	

	Tyre damping (front/rear)
	(ctf,ctr)
	50 Ns/m
	

	CG to front axle
	(a)
	1.52 m
	From VI-Grade model

	CG to rear axle
	(b)
	1.22 m
	From VI-Grade model

	CG height
	(h)
	0.486 m
	

	-Coefficient of lift * Frontal area
	(A)
	0.46 m²
	


These values were used consistently across both VI-Grade and Simulink to allow fair comparison.
[bookmark: _Toc216034077]Vi-Grade Simulation Procedure
[bookmark: _Toc216034078]Manoeuvre selection
The following dynamic tests were conducted:
· Straight line acceleration 
· Double lane change 
· Full Lap simulation of pembrey circuit 
Justification:
These manoeuvres were chosen because they directly affect the key outputs investigated in this study: heave displacement (Zs), pitch angle (θ), and front/rear tyre loads.
· Straight-line acceleration produces a lot of longitudinal load transfer, which directly affects pitch motion and alters the front and rear tyre loads. This makes it useful for evaluating how spring and damper stiffness influence pitch stability and traction.
· The double lane change involves rapid lateral transitions and quick steering inputs, causing noticeable heave and pitch changes as well as variations in tyre vertical loads. This test is highly sensitive to suspension tuning. (Yun, 2023)
· The Pembrey circuit lap simulation introduces a combination of braking, acceleration, and cornering events that generates continuous variations in heave, pitch angle, and tyre loads. Analysing these outputs over a full lap provides a realistic assessment of vehicle behaviour and suspension performance under motorsport conditions.
[bookmark: _Toc216034079]Suspension Parameter Variations
Suspension tuning was divided into spring variations followed by damper variations.
Spring Stiffness Variations (Damping fixed at 100%):
Table 2 Spring Stiffness Variations
	Configuration
	Front Spring
	Rear Spring

	Soft (−50%)
	50,000 N/m
	60,000 N/m

	Baseline
	95,000 N/m
	105,000 N/m

	Hard (+50%)
	145,000 N/m
	155,000 N/m



Justification:
Spring stiffness directly influences: (TEVEMA, 2024)
· Heave stiffness
· Pitch resistance
· Tyre load variation during acceleration and cornering
Testing soft, baseline, and stiff configurations allows clear interpretation of how stiffness impacts Zs, θ, and load distribution.

Damper Variations (Springs fixed at baseline);
Table 3Damper Variations
	Configuration
	Damping Level

	Soft damping
	50%

	Baseline damping
	100%

	Hard damping
	150%



Implementation of Damping Variations:
The damping variations (50%, 100%, 150%) were created directly from the VI-Grade damper force–velocity data. The original VI-Grade damper curve was used as the baseline (100%). To generate the soft (50%) and hard (150%) damping cases, only the velocity axis of the curve was scaled:
· 50% damping: damper velocity values were multiplied by 0.5
· 150% damping: damper velocity values were multiplied by 1.5
· Force axis was kept unchanged
· Resulting curves were imported into Simulink as 1-D lookup tables
Justification:
This approach preserves the correct damper force profile while scaling damping intensity. It reveals how damping influences transient pitch stability, oscillation control, and tyre load recovery.
[bookmark: _Toc216034080]Ride Frequency & Damping Ratio Calculations (Tudor, 2025)
To select an “optimal” spring rate, the ride frequency of each configuration was calculated using:

This ensured the stiffness values aligned with the typical sports-car ride frequency range.
After selecting a spring rate, the damping ratio was calculated using: (Tudor, 2025)

These calculations were used to assess whether the VI-Grade baseline damping matched expected performance damping levels and to justify the chosen configurations.


[bookmark: _Toc216034081]Simulink Model Development (Task2)
[bookmark: _Toc216034082][image: A diagram of a mass

AI-generated content may be incorrect.]1-DOF quarter Car Model[bookmark: _Toc216032634]Figure 1 1-DOF (Tudor,2025)

Sprung mass on a single spring and damper with road input
Equation of motion: (Tudor, 2025)

Used to check sign convention, basic suspension behaviour and ride frequency.
[bookmark: _Toc216034083][image: A diagram of a mass

AI-generated content may be incorrect.]2-DOF Quarter-Car Model (Sprung + Unsprung)[bookmark: _Toc216032636]Figure 2DOF (Tudor,2025)

Adds unsprung mass and tyre stiffness .
Sprung mass: (Tudor, 2025)

Unsprung mass: (Tudor, 2025)

This was used to validate the tyre and wheel-hop behaviour before adding pitch.


[bookmark: _Toc216034084]4-DOF Half car model
[image: ]	            [bookmark: _Toc216032638]Figure 3 4DOF (Tudor,2025)

· Sprung mass heave 
· Sprung mass pitch 
· Front unsprung 
· Rear unsprung 


Deflections:

Equations (acceleration isolated):

Sprung mass heave: (Tudor, 2025)

Sprung mass pitch: (Tudor, 2025)

Front unsprung mass: (Tudor, 2025)

Rear unsprung mass: (Tudor, 2025)

These were implemented in Simulink with integrator blocks for each DOF.
[bookmark: _Toc216034085]Extra effects in the Simulink model
Downforce was modelled as: (Tudor, 2025)

with vehicle speed as input, giving time-varying downforce. (Tudor, 2025)
Longitudinal acceleration from VI-Grade:
Chassis longitudinal acceleration from VI-Grade was imported and converted to a pitch moment:

which was applied in the pitch equation.
Outputs from the Simulink model were the same as in VI-Grade: Zs, θ, front/rear tyre loads, and unsprung motions. 
Simulink Model Shown in Appendix 5


[bookmark: _Toc216034086]Straight Line Acceleration (VI-Grade CarRealTime)

[bookmark: _Toc216032640]Figure 4 Spring Change across pitch

[bookmark: _Toc216032641]Figure 5 Spring Change across tyre loads
Figure 4 shows the pitch response during straight-line acceleration for each spring configuration. All setups produce the expected initial nose-up motion from longitudinal load transfer, but the size of the response changes with stiffness. The soft springs generate the largest pitch, with a deeper negative peak as the rear suspension compresses more easily. The baseline and hard setups show progressively smaller magnitudes, reflecting a stiffer platform that resists rotation.
The “optimal” spring behaves differently: despite being chosen from ride-frequency targets, it produces the largest pitch excursion. This indicates that while it meets theoretical criteria, it is dynamically softer in pitch than the VI-Grade baseline something expected when frequency tuning does not fully capture real load-transfer effects.
Figure 5 (tyre loads) shows the same trend. As acceleration shifts load rearwards, softer springs allow more suspension movement and therefore greater load transfer. Harder springs limit this, resulting in tighter front/rear load bands and a more stable platform. The agreement between pitch and tyre-load behaviour confirms that spring rate is the dominant factor in longitudinal load transfer for this manoeuvre.
Each setup presents trade-offs. Stiffer springs improve aero and pitch stability, as seen in the flatter traces, but reduce the rear normal force available for traction, increasing the chance of wheelspin on low-grip surfaces. Softer springs improve mechanical traction but reduce front-axle stability and aero consistency. The optimal case highlights this compromise: its large pitch motion helps traction but would likely harm aero performance.
In practice, engineers avoid extremes. A mid-range stiffness such as the VI-Grade baseline usually provides the best balance between traction, platform control and driver confidence. The results here support this: the baseline offers predictable pitch behaviour without excessive load transfer while maintaining good rear-axle grip.
Damping changes were also tested, but as expected for a low-velocity straight-line event, they had minimal influence. These plots, showing only small variations, are included in Appendix 1-4.
[bookmark: _Toc216034087]Double Lane Change (VI-Grade CarRealTime)[bookmark: _Toc216032642]Figure 6 Spring Change across vertical displacement



The double lane change provides a controlled transient test that highlights how suspension stiffness influences body motion and tyre-load stability. Figures 6-9 show the heave, pitch, roll and tyre-force responses for soft, baseline and hard spring configurations. 
The heave response (Figure 6) shows that soft springs allow the largest vertical displacement and the slowest return to equilibrium, reflecting higher compliance and reduced vertical control. Harder springs reduce heave amplitude and settle more quickly, providing a more stable platform during rapid direction changes.[bookmark: _Toc216032643]Figure 7 Spring Change across pitch

Pitch behaviour (Figure 7) is less pronounced but still stiffness dependent. Soft springs produce a slightly higher pitch angle after the transient, indicating greater longitudinal load shift and a lighter front axle. Hard springs maintain a lower pitch value, improving front-end authority and steering precision.[bookmark: _Toc216032644]Figure 8 Spring Change across Roll


Roll response (Figure 8) shows the clearest effect of spring stiffness. Soft springs generate the largest roll amplitudes and the slowest decay, giving a more oscillatory and less controlled feel. Hard springs significantly reduce roll movement and settle faster, offering a more responsive and stable chassis. Baseline springs again provide a balanced intermediate behaviour.




[bookmark: _Toc216032645]Figure 9 Spring Change across Tyre Force

The tyre forces (Figure 9) reflect these trends. Soft springs lead to larger variations in tyre load during the lane change, bringing the tyres closer to nonlinear grip regions and reducing predictability. Hard springs maintain more consistent tyre loading, improving stability but potentially reducing compliance on uneven surfaces.
Overall, soft springs offer comfort and mechanical grip but reduce transient stability, while hard springs improve control and driver confidence at the expense of compliance. The baseline configuration represents a practical compromise for general performance.
The influence of damping, which plays a stronger role in transient manoeuvres than in straight-line performance, is examined later in the Pembrey circuit simulation and in the 4-DOF Simulink analysis.

[bookmark: _Toc216034088]Pembrey Circuit Analysis
The Pembrey lap tests suspension behaviour under realistic combined braking, cornering and acceleration, clearly showing how spring and damper changes influence pitch, tyre loading and transient stability. 
[bookmark: _Toc216034089]Spring Rate Effects on Vehicle Performance[bookmark: _Toc216032646]Figure 10 VI-Grade Spring Change across z











[bookmark: _Toc216032647]Figure 11VI-Grade spring Change across Tyre Load

[bookmark: _Toc216032648]Figure 12Vi-Grade across pitch

The effect of spring stiffness across the Pembrey lap is immediately visible in the heave (Zₛ) response. Soft springs produce the largest vertical movements, especially during heavy braking phases around 7 s and 15 s. These deeper heave sections match the sharper front-tyre load spikes, showing that load transfer occurs over a longer time and with greater amplitude. This can improve low-speed mechanical grip but reduces platform stability and consistency on corner entry.
In contrast, the hard-spring setup shows a noticeably flatter vertical response with reduced amplitude in both braking and acceleration zones. This stability is most beneficial in higher-speed sections, where a controlled platform supports aero performance. The tyre-load traces reflect this behaviour: loads vary within a tighter band and drop less suddenly, meaning the tyres operate in a more predictable window.
The baseline spring rate sits between these extremes. It maintains the controlled pitch and heave behaviour seen with the hard setup, but transitions tyre loads more smoothly over bumps. Across both axles, the baseline configuration shows the most consistent load distribution through longer cornering periods (25-30s and 45–50s), demonstrating an effective balance between stability and compliance.
The optimal spring setup displays the smallest overall variation in heave and pitch, giving the most stable platform throughout the lap. Tyre-load traces show reduced fluctuation, suggesting more consistent contact patches during braking and direction changes. This combination of stiffness and compliance avoids the oscillation seen with soft springs and the harshness of the hard setup, producing the most controlled and predictable behaviour across the Pembrey circuit. (TEVEMA, TEVEMA, 2024)
[bookmark: _Toc216034090]Implications for Lap Time
Spring stiffness governs three critical behaviours: (Drracing, 2018) (Markel, 2025)
• Load-transfer amplitude – softer springs increase transfer, aiding traction but reducing stability.
• Platform stability – stiffer springs control pitch/heave but risk losing compliance over bumps.
• Surface conformity – softer or baseline springs cope better with Pembrey’s rougher sections.

[bookmark: _Toc216034091] Damper Effects on Transient Behaviour[bookmark: _Toc216032649]Figure 13 VI-Grade Damper change across pitch











[bookmark: _Toc216032650]Figure 14 Vi-Grade Damper change across Tyre Load



Damping affects how quickly the suspension responds to load transfer rather than the total amount transferred. This is clear in the pitch traces (Fig. 13). The 50% damping setup shows consistent overshoot during braking and acceleration, with taller peaks around 15 s and 48 s and slower decay. This under-damped behaviour leaves the car less settled during transitions into corners.
The 150% damping setup reduces overshoot and produces more controlled pitch peaks, but it returns to neutral more slowly. This is seen after kerb interactions around 30–35 s, where the trace stays slightly elevated before settling. While stable, this delay can slow the re-loading of the tyres during rapid direction changes.
Tyre-load traces reflect the same trends. With 50% damping, rear-axle loads fluctuate sharply during throttle application (around 20 s and 42 s), indicating under-damped suspension motion and potential traction loss. The 150% setup smooths these variations but may reduce compliance over bumps, affecting grip in chicanes or uneven exits.
The baseline damping offers the most balanced response, with controlled peaks and minimal transient distortion.
Implications for Lap Time
Damping directly shapes the timing of load transfer.
· Too little damping delays load stabilisation, reducing confidence in braking and direction changes.
· Too much damping slows re-loading after bumps, limiting traction when rapid weight shifts are required.
Baseline damping aligns best with Pembrey’s demands, offering fast but controlled load settling and allowing the tyres to remain within a predictable operating window.

[bookmark: _Toc216034092] Combined Interpretation
Across the lap, the graphs show that springs govern platform displacement, whereas dampers govern platform timing. The baseline spring and damper combination achieves the most consistent pitch control and tyre loading without the penalties associated with extreme. As a result, it is the configuration most likely to maximise lap time through predictable handling, stable aero performance, and reliable tyre utilisation.
[bookmark: _Toc216034093]Task 2; Methodology for 4DOF Simulink model
A four-degree-of-freedom (4DOF) quarter-car model was developed in Simulink to analyse vertical and pitch behaviour under a defined bump input. The model includes sprung-mass heave , pitch , and the front and rear unsprung masses and  . Suspension springs, dampers, and tyre stiffnesses connect these bodies, while a 5 cm bump input is applied to the front tyre and omitted at the rear to isolate vertical response.
All equations were implemented in rearranged form so that acceleration appears alone on the left-hand side, enabling direct integration within Simulink blocks.
Sprung-mass heave (Tudor, 2025)

Sprung-mass pitch (Tudor, 2025)
Front unsprung mass (Tudor, 2025)

Rear unsprung mass (Tudor, 2025)
These equations were implemented using gain, sum, and integrator blocks in subsystems for the sprung body, pitch rotation, and each unsprung mass. The bump input was created in the Signal Editor and fed directly to the front tyre displacement.
Spring and damper sweeps used the same values as Task 1 For each case, the outputs recorded were , , and unsprung/tyre-load responses.
[bookmark: _Toc216034094]Spring & Damper Variations[bookmark: _Toc216032651]Figure 15 4DOF Spring Change across Z








A stiffer spring is expected to reduce body displacement and pitch angle, while a softer spring should allow larger movement due to reduced vertical stiffness. The Simulink results follow this behaviour: the soft spring case shows the largest heave and pitch excursions, and the hard spring limits the peak motion but introduces a sharper response. The optimal spring sits between these extremes with reduced overshoot and smoother recovery. (TEVEMA, TEV, 2024)
[bookmark: _Toc216032652]Figure 16 4DOF Spring Change Across Pitch









This agreement with expected physical behaviour confirms correct spring–mass interaction within the 4DOF model.
Lower damping should result in increased overshoot and prolonged oscillation, while higher damping should reduce oscillation but slow the return to equilibrium. The simulations reflect this precisely: 50% damping gives the slowest decay and clear under-damped oscillations, 150% damping removes oscillation but lengthens the settling time, and 100% damping provides the most balanced transient response. (Routledge, 2013)
The model therefore behaves consistently with standard damping theory, validating the damper-force implementation.[bookmark: _Toc216032653]Figure 17 4DOF damper change across Z











[bookmark: _Toc216032654]Figure 18 4DOF Damper change across Pitch




[bookmark: _Toc216034095]Final Evaluation: Simulink vs VI-Grade Comparison
The comparison between the simplified 4-DOF Simulink model and the higher-fidelity VI-Grade model highlights how each tool represents vehicle behaviour differently. Using the VI-Grade acceleration input in Simulink, and applying the same spring and damper changes, allows direct observation of how the two models differ in predicting vertical motion, pitch response and tyre-force generation.

[bookmark: _Toc216032655]Figure 19 Spring Change sim vs vi-grade Zs

Across all spring configurations, Simulink and VI-Grade follow the same general trend in heave motion: an initial downward displacement caused by acceleration load transfer, followed by a gradual return toward neutral as the car stabilises. This shows that the 4-DOF Simulink model captures the overall heave behaviour correctly.
However, clear differences appear in the magnitude and timing of the vertical displacement. In most cases, VI-Grade produces larger heave excursions the optimal case reaches ~40 mm, far more than Simulink. The softer spring curves also show earlier and greater motion in VI-Grade. These offsets occur because VI-Grade models several real-vehicle effects that the Simulink model does not include:
· No Anti-Roll Bar / No Preload in Simulink-
VI-Grade uses realistic suspension geometry with built-in preload, roll stiffness and elastic link compliance.
· Reduced suspension detail – the Simulink model uses a half-car 4-DOF layout with lumped front and rear suspension, whereas VI-Grade uses full kinematics (motion ratios, bump-stops, bush compliance). This tends to limit travel in Simulink compared with the multibody model.
In future work, the heave response could be brought closer to VI-Grade by adding basic suspension kinematics (motion ratios), a more realistic vertical tyre model.
[bookmark: _Toc216032656]Figure 20 Spring Change Sim vs VI-grade Theta


The pitch comparison shows that both Simulink and VI-Grade follow the same overall pattern: a sharp initial nose-down rotation under acceleration, followed by a gradual return toward a steady pitch angle. This confirms that the simplified 4-DOF model is correctly responding to the applied aerodynamic load, acceleration input, and damper variations.
However, there are clear differences in pitch magnitude. VI-Grade consistently predicts a larger and faster pitch rotation during the initial transient, while Simulink exhibits a smoother and shallower response. These differences can be explained by several model simplifications:
· More detailed damper behaviour in VI-Grade
· No preload in Simulink [bookmark: _Toc216032657]Figure 21 Front tyre force sim vs vi-grade

The front-axle tyre-force comparison shows that both models follow the same overall trend: a rapid rise in vertical load during initial acceleration, followed by a gradual reduction as the vehicle pitches back. This matching shape indicates that the Simulink model is capturing the correct link between pitch motion and front-tyre loading.
The differences appear in the magnitude and timing of the peaks. VI-Grade predicts higher forces and a sharper response. The main reason is the lack of spring preload in the Simulink model. With no preload, the front suspension begins with less static compression, so the tyres start with a lower baseline load. This shifts the entire Simulink trace downward, most noticeably in the first 1–3 seconds where the mismatch is largest.

[bookmark: _Toc216034096]Overall Comparison and Limitations
Across all metrics heave motion, pitch response and tyre-force generation the Simulink model follows the same general trends as VI-Grade, confirming that the core vehicle dynamics are represented correctly. However, consistent differences appear in the magnitude and timing of key responses, with VI-Grade typically showing sharper transients, higher peak loads and greater sensitivity to spring and damper changes. These offsets arise mainly from the simplified assumptions in Simulink. The most influential is the absence of spring preload, which lowers the initial ride height and reduces static tyre load, shifting the entire Simulink response downward relative to VI-Grade. Additional discrepancies are linked to Simulink’s linear tyre stiffness, symmetric damping, and simplified pitch–heave coupling, all of which smooth the response compared to VI-Grade’s nonlinear suspension, geometry effects and more advanced damper and tyre models. Differences in aero load distribution also contribute, as VI-Grade updates aerodynamic forces dynamically with pitch while Simulink applies a simplified relationship. Taken together, these limitations explain why the shape of the responses match, but the absolute values and transient behaviour differ. Addressing preload, tyre nonlinearity, damper asymmetry and aero–pitch coupling would significantly improve alignment between the two tools in future work.
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Appendix 5
Comparison of Spring change in relation to Pitch 
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Comparison of Spring change in relation to tyre Load 
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Comparison of Spring change in relation to vertical displacment 
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Vertical Displacment (m)




Comparison of Spring change in relation to Pitch 
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Pitch (degrees)




Comparison of Spring change in relation to Roll 
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Comparison of Spring change in relation to Tyre Force 
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Tyre Force(N)



Vi-Grade  spring change across Zs
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Z(m)




 Vi-Grade spring change across Front Tyre Load
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Tyre Force(N)




 Vi-Grade spring change across Pitch
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Pitch (degrees)




Vi-Grade Damper change across Pitch
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Tyre Loads(N)




Comparison of 4dof with spring changes across Zs
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Zs (m)




Comparison of 4dof with spring changes across Pitch 
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Tyre loads (N)




Comparison of 4dof with dampers changes across zs
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Zs (m)




Comparison of 4dof with dampers changes across Pitch
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Zs (m)




Spring Change across simulink and Vi-grade looking at ZS
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Zs (m)




Spring Change across simulink and Vi-grade looking at theta
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Pitch (degrees)




Front Force Baseline 
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Force (N)




Comparison of Damper Change in realtion to vertical movement 
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Vertical movemen (m)




Comparison of Damper Change in realtion to Pitch 
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Comparison of Damper Change in realtion to front tyre load 
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Tyre Load (N)




Comparison of Damper Change in realtion to rear tyre load 
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