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[bookmark: _Toc216021305]1. Introduction
This study examines the impact of suspension stiffness configurations on vehicle dynamics through simulation-based analysis to evaluate the influence on stability and performance. Using VI-grade for full-lap performance evaluation and Simulink for controlled bump-response modelling, the investigation finds transient and steady-state behaviours across velocity, acceleration, slip angle, tire forces, damper velocities, and pitch angle. Comparative analysis highlights how stiffness variations influence load transfer, grip distribution, and dynamic stability, with stiffer setups generally improving consistency and predictability under high-load conditions. The aim is to show how smart suspension tuning can make cars feel more stable, responsive, and reliable.
[bookmark: _Toc216021306]2. Task 1: Vehicle Modelling Using VI-Grade CarRealTime
[bookmark: _Toc216021307]2.1 Introduction to VI-Grade
To evaluate the way the race car model behaves under a range of suspension configurations Vi-Grade was used to simulate three different setups in three different dynamic manoeuvres. The three manoeuvres consisted of straight-line accelerating, straight line braking and braking in turn. These were chosen because they give a general idea of how the car may act on a racetrack with some key parts of racing. The suspension variations used for these tests entailed standard system the race car model came with, to give a baseline and help us compare the effects of the new setups. The second setup had a ten percent reduction in spring rate, for a softer at both ends setup. In a real-world situation, changes like this could be made to help make the car be more responsive to the road. For the high downforce set up, both the front and rear suspension spring stiffnesses were increased by thirty percent. This is to prevent aero load pushing the car into the track also reducing the amount of pitch and heave the car may have. Alternative setups were made such as one with a stiffer front and one with a softer front. 
The circuit used for the performance lap simulation was Llandow, it was tested with all 5 differing set ups and the graphs and data were then collected. The data gathered from this will later be compared to the Simulink model to test if the model is acting correctly.
[bookmark: _Toc216021308]2.2 Suspension System Variations
	Setup
	Kf (N/m)
	Cf (Ns/m)
	Kr (N/m)
	Cr (Ns/m)

	Standard
	202300
	5150.88
	100200
	3341.02

	Balanced
	182070
	4520
	90180
	2900

	High Downforce
	262990
	6350
	130260
	4065

	Soft Front, Stiff Rear
	120000
	3100
	220000
	6600

	Stiff Front, Soft Rear
	240000
	5800
	80000
	2600


[bookmark: _Toc216025860]Figure 1
[bookmark: _Toc216021309]2.3 Straight Line Acceleration Tests
[bookmark: _Toc216021310]2.3.1 Velocity Vs Time
[bookmark: _Toc216025861][image: ]Figure 2
This graph shows how different suspension setups affect the vehicles velocity over time in the straight-line accelerating test. All these setups are similar in final velocity.
[bookmark: _Toc216021311]2.3.2 Acceleration Vs Time
[bookmark: _Toc216025862][image: A graph on a black background

AI-generated content may be incorrect.]Figure 3
All setups show an initial acceleration spike followed by damped oscillations. Softer configurations take longer to stabilize due to slower energy dissipation. Stiffer setups settle quickly, indicating better pitch control and suspension response.
[bookmark: _Toc216021312]2.3.3 Side Slip Angle Vs Time
[bookmark: _Toc216025863][image: A graph of a graph

AI-generated content may be incorrect.]Figure 4
All setups show minimal slip angle, with early oscillations damping to near zero. Softer configurations take longer to stabilize, while stiffer setups maintain tighter lateral control. This confirms strong straight-line stability across all setups.

[bookmark: _Toc216021313]2.3.4 Front Tire Force Vs Time
[bookmark: _Toc216025864][image: ]Figure 5
Front load increase in accelerating and the softer set ups have more oscillation, the stiffer set ups stabilize quicker.

[bookmark: _Toc216021314]2.3.5 Rear Tire Force vs Time
[bookmark: _Toc216025865][image: ]Figure 6
The rear load increases more than the front because in acceleration the weight moves towards the rear. The Stiffer suspension in the rear provides more control. 


[bookmark: _Toc216021315]2.3.6 Front Damper Velocity Vs Time
[bookmark: _Toc216025866][image: A graph of a graph showing a graph

AI-generated content may be incorrect.]Figure 7
Initial oscillations show pitch-induced suspension activity. Softer setups have longer, slower damping; stiffer setups settle quickly with sharper peaks. Standard setup balances energy absorption and ride control.

[bookmark: _Toc216021316]2.3.7 Rear Damper Velocity Vs Time
[bookmark: _Toc216025867][image: ]Figure 8
Rear dampers show more activity than front due to acceleration-induced squat. Softer setups have longer, slower oscillations; stiffer setups damp quickly. Standard setup shows moderate control and energy absorption.
[bookmark: _Toc216021317]2.3.8 Chassis Pitch WRT Road vs Time
[bookmark: _Toc216025868][image: ]Figure 9
Pitch angle fluctuates early due to acceleration forces. Softer setups show deeper and longer pitch oscillations, stiffer setups stabilize quickly. Standard setup maintains moderate pitch control.
[bookmark: _Toc216021318]2.4 Straight Line Braking
[bookmark: _Toc216021319]2.4.1 Velocity Vs Time
[bookmark: _Toc216025869][image: ]Figure 10
All setups show a sharp deceleration starting around 1.5 seconds. The curves are nearly identical, indicating suspension stiffness has minimal impact on braking velocity. This suggests braking force dominates over pitch effects in this scenario.













[bookmark: _Toc216021320]2.4.2 Deceleration Vs Time
[bookmark: _Toc216025870][image: A graph of a graph

AI-generated content may be incorrect.]Figure 11
All setups show stable deceleration until 2.3 seconds, followed by oscillations. Softer setups oscillate more, indicating slower pitch recovery. Stiffer setups dampen quicker, improving braking stability.

[bookmark: _Toc216021321]2.4.3 Side Slip Angle Vs Time
[bookmark: _Toc216025871][image: ]Figure 12
Slip angle remains minimal across all setups, with slight oscillations after 2 seconds. Softer configurations show more lateral instability; stiffer setups maintain tighter control.

[bookmark: _Toc216021322]2.4.4 Front Tire Force Vs Time
[bookmark: _Toc216025872][image: A graph showing a line graph

AI-generated content may be incorrect.]Figure 13
Front tire load rises sharply between 1–2 seconds as braking force builds. Softer setups show more fluctuation, stiffer setups stabilize faster, improving braking consistency.


[bookmark: _Toc216021323]2.4.5 Rear Tire Force vs Time
[bookmark: _Toc216025873][image: ]Figure 14
Rear load drops sharply around 1.2 seconds due to forward weight transfer. Softer setups show more fluctuation, stiffer setups stabilize faster, improving rear-end control under braking.

[bookmark: _Toc216021324]2.4.6 Front Damper Velocity Vs Time
[bookmark: _Toc216025874][image: A graph of a graph showing a number of different colored lines

AI-generated content may be incorrect.]Figure 15
Front damper velocity spikes during braking, with softer setups showing longer oscillations. Stiffer setups settle faster and absorb energy more efficiently.

[bookmark: _Toc216021325]2.4.7 Rear Damper Velocity Vs Time
[bookmark: _Toc216025875][image: ]Figure 16
Rear damper velocity peaks around 1.5 seconds as squat develops. Softer setups show more fluctuation and slower recovery. Stiffer setups control vertical motion more effectively.

[bookmark: _Toc216021326]2.4.8 Chassis Pitch WRT Road vs Time
[bookmark: _Toc216025876][image: ]Figure 17
Pitch angle rises sharply around 1.5 seconds due to forward weight transfer. Softer setups pitch more and recover slowly. Stiffer setups control pitch better and settle faster.
2.5 Straight Line Maintain
[bookmark: _Toc216021327]2.5.1 Velocity Vs Time
[bookmark: _Toc216025877][image: A graph of a graph showing a number of colors

AI-generated content may be incorrect.]Figure 18
Velocity peaks around 2 seconds then gradually stabilizes. Differences between setups are minimal, with all configurations maintaining near-constant speed. Suspension stiffness has little impact in steady-state conditions.


[bookmark: _Toc216021328]2.5.2 Acceleration Vs Time
[bookmark: _Toc216025878][image: A graph with different colored lines

AI-generated content may be incorrect.]Figure 19
Acceleration peaks early then drops to near zero across all setups. Minimal variation confirms stable velocity and negligible pitch or load transfer. Suspension stiffness has little influence in this phase.

[bookmark: _Toc216021329]2.5.3 Side Slip Angle Vs Time
[bookmark: _Toc216025879][image: A graph with lines and numbers

AI-generated content may be incorrect.]Figure 20
Slip angle remains extremely low across all setups, with early oscillations settling quickly. This confirms strong lateral stability and minimal steering correction needed during steady-state motion.

[bookmark: _Toc216021330]2.5.4 Front Tire Force Vs Time
[bookmark: _Toc216025880][image: A graph with lines and numbers

AI-generated content may be incorrect.]Figure 21
Front tire force remains nearly constant across all setups. Soft Front shows slightly higher values, while Stiff Front shows the lowest. Variations are minimal, confirming stable load distribution during steady-state motion.













[bookmark: _Toc216021331]2.5.5 Rear Tire Force vs Time
[bookmark: _Toc216025881][image: A graph with colorful lines

AI-generated content may be incorrect.]Figure 22
Rear tire force remains nearly constant across all setups. Soft Front shows slightly higher values, while Stiff Front shows the lowest. Load distribution is stable, confirming minimal dynamic shift during steady-state motion.

[bookmark: _Toc216021332]2.5.6 Front Damper Velocity Vs Time
[bookmark: _Toc216025882][image: A graph with green and purple lines

AI-generated content may be incorrect.]Figure 23
Damper velocity shows minor oscillations that quickly settle. Softer setups have slightly wider fluctuations. All configurations stabilize near zero, confirming minimal vertical motion during steady-state driving.
[bookmark: _Toc216021333]2.5.7 Rear Damper Velocity Vs Time
[bookmark: _Toc216025883][image: A screen shot of a graph

AI-generated content may be incorrect.]Figure 24
Rear damper velocity shows brief initial oscillations then settles near zero. Softer setups fluctuate slightly more. All configurations confirm stable vertical motion during steady-state driving.












[bookmark: _Toc216021334]2.5.8 Chassis Pitch WRT Road vs Time
[bookmark: _Toc216025884][image: ]Figure 25
Pitch angle remains nearly flat across all setups. Minor differences suggest negligible forward or rearward rotation. Suspension stiffness has minimal influence on pitch during steady-state motion.
[bookmark: _Toc216021335]2.6 Fishhook
[bookmark: _Toc216021336]2.6.1 Velocity Vs Time
[bookmark: _Toc216025885][image: A graph of a vehicle velocity

AI-generated content may be incorrect.]Figure 26
Most setups decelerate steadily, but Soft Front shows a dramatic velocity reversal after 2.5 seconds. This indicates lateral instability and potential oversteer. Suspension stiffness plays a critical role in maintaining directional control under aggressive steering inputs.
[bookmark: _Toc216021337]2.6.2 Acceleration Vs Time
[bookmark: _Toc216025886][image: ]Figure 27
Acceleration spikes sharply around 1.5 and 4.5 seconds, reflecting rapid steering reversals. Soft Front shows the most erratic response, indicating poor lateral control. Stiffer setups dampen oscillations faster, improving stability during high-yaw transients.


[bookmark: _Toc216021338]2.6.3 Side Slip Angle Vs Time
[bookmark: _Toc216025887][image: A graph with a line

AI-generated content may be incorrect.]Figure 28
Slip angle peaks sharply around 4 seconds, especially for Soft Front, which exceeds 3°. This indicates significant lateral instability and potential oversteer. Stiffer setups maintain lower, more controlled slip angles, improving yaw stability and steering response during the manoeuvre.


[bookmark: _Toc216021339]2.6.4 Front Tire Force Vs Time
[bookmark: _Toc216025888][image: A graph showing different colored lines

AI-generated content may be incorrect.]Figure 29
Front tire forces fluctuate significantly during the manoeuvre, reflecting rapid lateral load transfer. Soft Front shows the highest peak forces, indicating greater front-end compression and potential instability. Stiffer setups distribute loads more evenly, improving control during sharp steering reversals.

[bookmark: _Toc216021340]2.6.5 Rear Tire Force vs Time
[bookmark: _Toc216025889][image: A graph of a graph showing different colored lines

AI-generated content may be incorrect.]Figure 30
Rear tire forces fluctuate dynamically, reflecting lateral load transfer during the manoeuvre. Soft Front shows the highest peaks, indicating rear-end unloading and potential oversteer. Stiffer setups maintain more balanced rear grip, aiding recovery and directional control.

[bookmark: _Toc216021341]2.6.6 Front Damper Velocity Vs Time
[bookmark: _Toc216025890][image: A graph showing a graph of a wave

AI-generated content may be incorrect.]Figure 31
Front damper velocity spikes around 1.5 and 4.5 seconds, aligning with steering reversals. Soft setups show wider oscillations, indicating slower energy dissipation. Stiffer configurations dampen more effectively, enhancing control during rapid lateral transitions.












[bookmark: _Toc216021342]2.6.7 Rear Damper Velocity Vs Time
[bookmark: _Toc216025891][image: ]Figure 32
Rear damper velocity shows pronounced oscillations during steering reversals, especially for Soft Front. Stiffer setups dampen more effectively, reducing rebound and improving rear-end stability. This reflects how suspension tuning affects vertical energy dissipation during lateral transients.
[bookmark: _Toc216021343]2.6.8 Chassis Pitch WRT Road vs Time
[bookmark: _Toc216025892][image: A graph of a graph showing different colored lines
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Pitch angle varies slightly across setups, with Soft Front showing the largest oscillations. These fluctuations reflect transient load shifts during steering reversals. Stiffer configurations reduce pitch movement, helping maintain chassis balance and directional control.
[bookmark: _Toc216021344]2.7 Braking in Turn
[bookmark: _Toc216021345]2.7.1 Velocity Vs Time
[bookmark: _Toc216025893][image: ]Figure 34
All setups maintain 100 m/s until 3 s, then decelerate linearly to 0 m/s by 6 s. No setup shows instability or reversal, indicating consistent braking performance across suspension types. Lateral inputs during cornering do not significantly disrupt velocity decay.













[bookmark: _Toc216021346]2.7.2 Acceleration Vs Time
[bookmark: _Toc216025894][image: ]Figure 35
Deceleration begins near zero and deepens after 3 s, aligning with the onset of braking. Soft Front shows the most erratic dips, suggesting instability under combined lateral and longitudinal load. Stiffer setups maintain smoother deceleration profiles, enhancing control during curved braking.

[bookmark: _Toc216021347]2.7.3 Side Slip Angle Vs Time
[bookmark: _Toc216025895][image: A graph of a graph

AI-generated content may be incorrect.]Figure 36
Slip angle dips around 3 s and peaks near 5 s, reflecting the transition from straight-line braking to lateral load during cornering. Soft Front shows the largest deviation, indicating reduced lateral grip and potential understeer. Stiffer setups maintain tighter control, minimizing slip and improving cornering stability under deceleration.
[bookmark: _Toc216021348]2.7.4 Front Tire Force Vs Time
[bookmark: _Toc216025896][image: A graph showing a line of a graph

AI-generated content may be incorrect.]Figure 37
Front tire forces dip sharply around 3 s, coinciding with the onset of braking. Soft Front shows the most pronounced drop, indicating front-end instability and reduced grip. Stiffer setups maintain higher, more consistent forces, supporting better braking control while cornering.

[bookmark: _Toc216021349]2.7.5 Rear Tire Force vs Time
[bookmark: _Toc216025897][image: A graph of a graph showing a curve

AI-generated content may be incorrect.]Figure 38
Rear tire forces drop steadily after 3 s as braking begins. Soft Front shows the lowest rear loads, indicating rear-end unloading and potential instability. Stiffer setups retain higher rear forces, supporting balanced deceleration and improved cornering grip.

[bookmark: _Toc216021350]2.7.6 Front Damper Velocity Vs Time
[bookmark: _Toc216025898][image: A graph of a graph showing a wave

AI-generated content may be incorrect.]Figure 39
Velocity spikes near 3 s as braking begins, with Soft Front showing the largest oscillations. This reflects delayed damping response and reduced control under combined load. Stiffer setups settle faster, minimizing vertical motion and supporting stable deceleration through the corner.












[bookmark: _Toc216021351]2.7.7 Rear Damper Velocity Vs Time
[bookmark: _Toc216025899][image: A graph of a graph showing a wave

AI-generated content may be incorrect.]Figure 40
Velocity spikes around 3 s as braking begins, with Soft Front showing the largest oscillations. This indicates delayed rear-end damping and potential instability. Stiffer setups settle more quickly, reducing vertical motion and supporting balanced load transfer during curved deceleration.
[bookmark: _Toc216021352]2.7.8 Chassis Pitch WRT Road vs Time
[bookmark: _Toc216025900][image: ]Figure 41
Pitch angle spikes sharply at 3 s as braking begins. Stiff Front shows the highest peak, indicating aggressive front-end dive. Stiff Both Ends minimizes pitch movement, enhancing chassis stability. Soft setups exhibit prolonged oscillations, reflecting slower vertical recovery and reduced braking precision.
[bookmark: _Toc216021353]2.8 Llandow Data
[bookmark: _Toc216021354]2.8.1 Velocity Vs Time
[bookmark: _Toc216025901][image: A graph showing a graph

AI-generated content may be incorrect.]Figure 42
Velocity fluctuates across the lap, revealing how each setup handles acceleration, braking, and cornering. Stiff Both Ends maintains the highest average speed, suggesting optimal grip and stability. Soft Front shows deeper troughs, indicating compromised cornering performance. Setup choice directly affects speed retention and lap time consistency.












[bookmark: _Toc216021355]2.8.2 Acceleration Vs Time
[bookmark: _Toc216025902][image: A graph showing a graph of a graph
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Acceleration fluctuates sharply, reflecting transitions between braking and throttle phases. Stiff Both Ends shows smoother peaks and recoveries, indicating better traction and load control. Soft Front exhibits erratic dips, suggesting instability during corner entry and exit. Setup stiffness directly influences longitudinal force consistency and cornering phase transitions.


[bookmark: _Toc216021356]2.8.3 Side Slip Angle Vs Time
[bookmark: _Toc216025903][image: A graph of a graph
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Slip angle peaks between 25–30 s, highlighting lateral instability during high-speed cornering. Soft Front shows the largest deviations, indicating reduced front-end grip and increased understeer. Stiff Both Ends maintains tighter control, minimizing slip and enhancing directional stability. Suspension stiffness directly influences cornering precision and yaw response.


[bookmark: _Toc216021357]2.8.4 Front Tire Force Vs Time
[bookmark: _Toc216025904][image: A graph of a graph showing a graph
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Front tire forces fluctuate with cornering and braking phases. Stiff Both Ends maintains higher, more consistent loads, supporting stable grip and responsive steering. Soft Front shows deeper troughs, indicating reduced front-end support and compromised turn-in. Suspension stiffness directly affects load transfer and front axle performance under dynamic conditions.
[bookmark: _Toc216021358]2.8.5 Rear Tire Force vs Time
[bookmark: _Toc216025905][image: A graph of a tire
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Rear tire forces vary with throttle and cornering load. Stiff Both Ends maintains higher, more stable rear loads, supporting traction and balanced acceleration. Soft Front shows reduced rear force consistency, indicating poor load distribution and potential oversteer. Suspension tuning directly affects rear grip and power delivery through dynamic phases.
[bookmark: _Toc216021359]2.8.6 Front Damper Velocity Vs Time
[bookmark: _Toc216025906][image: A graph showing a graph of a wave

AI-generated content may be incorrect.]Figure 47
Front damper velocity spikes around 25 s, marking a high-load cornering event. Soft Front shows the largest oscillations, indicating delayed vertical control and reduced precision. Stiff Both Ends dampens more effectively, minimizing pitch and improving chassis stability. Damper behaviour directly influences steering response and mid-corner balance.










[bookmark: _Toc216021360]2.8.7 Rear Damper Velocity Vs Time
[bookmark: _Toc216025907][image: A graph with green and red lines
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Rear damper velocity spikes at 0, 25, and 30 s, marking key load transfer events. Soft Front shows the largest oscillations, indicating delayed rear-end control and potential instability. Stiff Both Ends dampens more effectively, reducing vertical motion and supporting traction consistency through throttle and cornering transitions.
[bookmark: _Toc216021361]2.8.8 Chassis Pitch WRT Road vs Time
[bookmark: _Toc216025908][image: A graph of a graph
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Pitch angle disturbances peak around 25 s, reflecting heavy braking or load transfer. Soft Front shows the largest pitch excursions, indicating excessive front-end dive and reduced chassis stability. Stiff Both Ends minimizes pitch variation, supporting consistent aerodynamic balance and improved control during transient phases.
[bookmark: _Toc216021362]2.4 Lap Times of Setups
[bookmark: _Toc216025909][image: ]Figure 50
Track times across setups show minimal variation, indicating that while suspension tuning affects dynamic behaviour, overall lap time remains relatively stable. Stiff Both Ends edges ahead slightly, reflecting its advantage in velocity retention and grip balance. Setup choice influences handling feel more than outright lap time in this scenario.
The racetrack data reveals that suspension stiffness significantly influences dynamic behaviour, though overall lap times remain similar. Stiff Both Ends consistently delivers superior velocity retention, stable tire forces, and minimal pitch and damper oscillations, supporting balanced grip and responsive handling. Soft Front setups show greater instability, with erratic acceleration, higher slip angles, and reduced load control. While each configuration affects transient phases differently, stiffer setups generally enhance stability and predictability under high-load conditions. These findings suggest that optimal suspension tuning improves driver confidence and vehicle control, even when outright lap time gains are marginal, emphasizing the value of dynamic consistency.


[bookmark: _Toc216021363]3. Task 2: 4 Degree of Freedom Half-Car Model in Simulink
[bookmark: _Toc216021364]3.1 Introduction to Simulink Model
The half-car or 4 degrees of freedom (DOF) model shows a simplified version of the vehicles ride dynamics. It shows us the vertical motions as well as the pitch motions of the sprung mass whilst also demonstrating how the unsprung masses at both the front and back of the vehicle are affected. When the system is reduced to just 4 DOFs it makes it easier to test how springs and dampers affect the performance, however it does lack information that the 7 DOF model contains such as: yaw, differences between the left and right side and cornering behaviour.
[bookmark: _Toc216021365]3.2 Derivation of Equations of Motion
[bookmark: _Toc216021366]3.2.1 Description of System
The half-car model shows the vehicle body and the two wheel-axle and includes four degrees of freedom which are:
· Vertical Displacement of Sprung Mass (z)
· Pitch Rotation of Sprung Mass (θ)
· Vertical Displacement of Front Unsprung Mass (zf)
· Vertical Displacement of Rear Unsprung Mass (zr)
The sprung mass is supported by the front and rear suspension units which both contain a spring and a damper. The unsprung masses are in contact with the road.
[bookmark: _Toc216021367]3.2.2 Assumptions and Simplifications
To make the system manageable assumptions and simplifications were made such as:
· The vehicles body is assumed to be completely rigid that pitches from its centre of gravity.
· The cars springs and dampers are simplified to have constant stiffness and damping coefficients.
· There is no yaw dynamics meaning you lack individual tyre dynamics. (this is prevented by increasing to a 7 DOF model)
· Tyres have damping effects but are treated as stiff elements that do not have damping.
[bookmark: _Toc216021368]3.2.3 The Equations and Models
When using Simulink these equations served as a guide to help with the creation of the model. To create the equations a table of element and extensions was made to help simplify the process this can be seen in figure 51.
	Element
	Extensions

	Ksf
	

	Ksr
	

	Kuf
	

	Kur
	


[bookmark: _Toc216025910]Figure 51
Sprung Mass Vertical Motion:
−𝑚𝑠𝑧=𝑘𝑠𝑓𝑧−𝑧𝑓−𝑎𝜃+𝑘𝑠𝑟𝑧−𝑧𝑟+𝑏𝜃 
Using this equation, we can rearrange it so that zdotdot is the subject and introduce dampers.
Rearranged Equation:
 
The model for the sprung mass vertical motion can be seen in figure 52. You can also see that in the model, there is a from block labelled ‘Aero’. This is to incorporate aeroforce, which the model and calculation for are both below.
[bookmark: _Toc216025911][image: A diagram of a machine
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Aeroforce Calculation:

Aeroforce Model:
[bookmark: _Toc216025912][image: A diagram of a flowchart

AI-generated content may be incorrect.]Figure 53



Sprung Mass Pitch Motion:
 
 Rearranged Equation:

[bookmark: _Toc216025913][image: A diagram of a diagram
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In the above Simulink model (figure 54), you can see that at the end we change theta into degrees this is just for simplicity as its easier to envision what 10 degrees is instead of 0.1745 rads. You can also see that there is a from block named TLong. TLong is used to assess what force is being applied to the lateral rotation of the vehicle if the force is positive the nose rises an example of this would be when the vehicle is accelerating if the force is negative the nose dives an example for this would be when the vehicle is braking. The extra input model can be found below in figure 55 and the equation. 
TLong Equation:
9.81∙ℎ∙𝑚

TLong Model:
[bookmark: _Toc216025914][image: A diagram of a circuit
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Front Unsprung Mass:
 
Rearranged Equation:
 
The Simulink model for this equation is below in figure 56
[bookmark: _Toc216025915][image: ]Figure 56
Rear Unsprung Mass:
 
Rearranged Equation:
 
[bookmark: _Toc216025916][image: A diagram of a flowchart
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Above in figure 57 you can see a similar system to the front axle. The main difference is it takes the rear data instead of the front.

Using the model from VI-Grade, I was able to input data that was similar to the car used and the setups made, so that the comparison would be clearer and more realistic. The table for this data can be found below in figure 58
	Symbol
	Value
	Units
	Meaning

	M
	571.21
	Kg
	Sprung Mass

	Mf
	34
	Kg
	Unsprung Mass Front

	Mr
	41
	Kg
	Unsprung Mass Rear

	A
	1.23
	M
	CG to Front Axle Dist.

	B
	1.48
	M
	CG to Rear Axle Dist.

	I
	1382.03
	Kgm^2
	Pitch Moment of Inertia (Y-axis)

	H
	0.38
	M
	CG Height Above Ground

	Kf
	202300
	N/m
	Front Spring Stiffness

	Cf
	5150.88
	Ns/m
	Front Damping Coefficient

	Kr
	100200
	N/m
	Rear Spring Stiffness

	Cr
	3341.016
	Ns/m
	Rear Damping Coefficient

	Ktf
	250000
	N/m
	Front Tyre Vertical Stiffness

	Ctf
	16
	Ns/m
	Front Tyre Damping

	Ktr
	250000
	N/m
	Rear Tyre Vertical Stiffness

	Ctr
	16
	Ns/m
	Rear Tyre Damping


[bookmark: _Toc216025917]Figure 58

[bookmark: _Toc216021369]3.3 Simulink Bump Tests
[bookmark: _Toc216021370]3.3.1 1 Second Bump
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The Simulink data shows the vehicle’s dynamic response to a 1-second bump event. The pitch angle oscillates symmetrically, indicating transient chassis rotation. Front and rear vertical displacements (Zf, Zr) and their derivatives (Zfdot, Zrdot) reveal damped oscillations, with the rear slightly lagging the front—suggesting typical load transfer and suspension recovery behaviour.
[bookmark: _Toc216021371]3.3.2 2 Second Bump
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This 2-second bump simulation shows a more sustained disturbance than the 1-second case, with sharper pitch drop and prolonged oscillations across all variables. The front and rear displacements (Zf, Zr) and their rates (Zdot, Zrdot) exhibit stronger peaks and slower recovery, indicating greater energy input and longer damping response. Compared to the 1-second bump, this scenario highlights increased chassis instability and delayed vertical control, reinforcing the importance of tuning suspension damping to manage longer-duration road inputs effectively
[bookmark: _Toc216021372]3.3.3 3 Second Bump
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This 3-second bump introduces two distinct disturbances at 3 and 6 s, causing prolonged oscillations and delayed recovery across all metrics. Compared to the 1- and 2-second bumps, pitch remains more stable, but vertical velocities (Zdot, Zrdot) spike more sharply, indicating higher energy input. The system shows increased sensitivity to sequential inputs, stressing the need for damping tuned to compound events.








4. Comparison of Modelling Techniques
Simulink excels in control system modelling and transient response analysis, ideal for suspension tuning and bump simulations. VI-grade offers high-fidelity vehicle dynamics with real-time driver-in-the-loop capabilities, better suited for full-lap performance and handling studies. Together, they complement each other across early-stage design and track-level validation workflows.
Both Simulink and VI-grade integrate seamlessly with motorsport applications, supporting suspension tuning, driver feedback, and performance optimization under competitive racing conditions.
5. Analysis 
This study aimed to evaluate how suspension stiffness influences vehicle dynamics, stability, and driver confidence. The bump‑response simulations demonstrated that disturbance duration significantly affects transient behaviour: short inputs produced sharp but quickly damped oscillations, while longer or continuous bumps introduced instability. Stiffer configurations consistently reduced oscillations and improved predictability in load transfer, whereas softer setups compromised control and introduced variability.
These findings align with simplified 4 DOF half‑car models, which provide a practical framework for analysing pitch and bounce under controlled conditions. Research such as Performance Analysis of Half Car Suspension Model with 4 DOF using PID, LQR, FUZZY and ANFIS Controllers (2017) and Performance Analysis of the 4DOF Vehicle Model Suspension System under Dynamic Conditions demonstrate how MATLAB/Simulink can be used to evaluate ride comfort and handling strategies. While effective for highlighting transient responses, they cannot capture full vehicle roll dynamics, as well compared to more advanced 7 DOF models. Palli, Sharma, and Rao (2017) illustrate how these models reveal the limitations of passive suspension systems and inform tuning strategies for improved stability.
VI‑grade enables engineers to test suspension setups in faster, cost-effective environments, allowing for essential testing. Together, the simulations and literature demonstrate numerous approaches, to solving issues within motorsports. 
6. Conclusion
Suspension stiffness plays a critical role in shaping vehicle dynamics, influencing tyre forces, damper velocities, and pitch behaviour. The analysis confirms that while lap times remain broadly similar across setups, stiffer configurations provide greater stability, reduced oscillations, and more predictable load transfer whereas softer setups showed variability and less control. By integrating insights from 4 DOF and 7 DOF models (Procedia, 2017; DMU Journal; Palli et al., 2017) with applied tools such as VI‑grade, this work reinforces the overall aim: to show that suspension tuning is less about outright speed and more about ensuring consistency, driver confidence and reliable handling, key factors for competitive performance and safety in motorsport.



7. References


Performance Analysis of Half Car Suspension Model with 4 DOF using PID, LQR, FUZZY and ANFIS Controllers. Procedia Computer Science, 2017.

Performance Analysis of the 4DOF Vehicle Model Suspension System under Dynamic Conditions. DMU Journal of Interdisciplinary Studies.

VI-grade. VI-Motorsport: Full Software Solution to Find the Best Set-Up for Racing Cars. VI-grade official product page.

Palli, S., Sharma, R.C., & Rao, P.P.D. (2017). Dynamic Behaviour of a 7 DoF Passenger Car Model. International Journal of Vehicle Structures & Systems, 9(1), 57–63.

8. Appendices
8.1 Seven Degrees of Freedom Model
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Figure 62 Zs Model
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 Figure 67 Zr2 Model[image: A diagram of a flowchart

AI-generated content may be incorrect.]
[image: A diagram of a block diagram

AI-generated content may be incorrect.]Figure 68 Pitch Torque[image: A diagram of a block diagram

AI-generated content may be incorrect.]
Figure 69 Roll Torque 
Figure 70 Aeroforce
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