[image: A close-up of a sign

Description automatically generated]
University of Wales Trinity St Davids
 Transient Vehicle Response Modelling: A 7DOF Approach for a Formula Ford Race Car 

[image: A screenshot of a computer

Description automatically generated]

Author: Dylan Huw Davies
Supervisor: Andrew 


Student Number: 2100937
Course title: Motorsport Engineering

Contents
1.0 Introduction	3
1.1 Development of Vehicle Dynamics Models: From 2-DOF to 7-DOF in Simulink	4
2.0 Methodology	6
2.1 Sprung Mass	6
2.2 Theta (Pitch)	6
2.3 Phi (Roll)	7
2.4.0 Unsprung Mass	8
2.4.1 Front left wheel	8
2.4.2 Front right wheel	9
2.4.3 Rear left wheel	9
2.4.4 Rear Right wheel	9
2.5 Dampers	10
2.6 Springs	11
2.5 Anti-Roll Bar (ARB) Implementation in Simulink	12
2.6 Tyre Normal Load Calculation with Aerodynamic Effects in Simulink	14
2.7 Lateral and longitudinal acceleration	16
2.8 Assumptions and simplifications	17
2.9 Estimated Aerodynamic Properties of a Formula Ford Race Car	17
3 Vehicle Parameters and Model Inputs	18
4 Analysis of Dynamic Responses	21
4.1 Model Validation	22
4.2 Spring Sensitivity Analysis	26
4.3 Damper Sensitivity Analysis	27
4.4 Tire Load Behaviour under Damper and Spring Configurations	30

Table of figures
Figure 1 7 degree model	4
Figure 2 2-degree model (Shi, Zhao ,2017)	5
Figure 3 the sprung mass, Simulink model	7
Figure 4 Pitch in Simulink	8
Figure 5 (Chokor,  Doumiati,  Charara , 2020).	8
Figure 6 Roll Dynamics in Simulink with Anti-Roll Bars	9
Figure 7 Front Left Wheel	10
Figure 8 Front right wheel	10
 Figure 9 Front right wheel	10
Figure 10 Rear left wheel	10
Figure 11 Rear right wheel	11
Figure 12 Dampers with Look up tables	12
Figure 13 Spring Simulink subsection for Kf1	13
Figure 14 ARB force	14
Figure 15 Torque exerted by the ARB	14
Figure 16 Tyre load function block	15
Figure 17 Lateral acceleration Simulink input	17
Figure 18  difference between COG height and roll centre height (Suspension Secrets, 2018)	17
Figure 19 Damper curve input layout and plot	20
Figure 20 Slalom test (Blatnicky, Dizo, 2023)	22
Figure 21 Lateral Data for lane change	22
Figure 22 Damper Velocity for lane change	23
Figure 23 Comparison of Roll Angle Session 1	23
Figure 24 Comparison of pitch angle session 1	24
Figure 25 Comparison of front tire loads with aero	24
Figure 26 Comparison of rear tire loads	25
Figure 27 Comparison of Front damper velocities	25
Figure 28  Comparison of Rear  damper velocities	26
Figure 29 Damper curve in model(left) Typical Damper curve based of research(right) (Kou,  Wei,  Tian, 2018).	26
Figure 30 Simulink stiff and soft Roll velocity	27
Figure 31 Roll velocity (left)Front stiff, rear soft (Right)Front Soft, Rear stiff	28
Figure 32 Fast Bump higher Damper velocity and Roll Angle	29
Figure 33 Slow Bump Higher Damper Velocity and Roll Angle	29
Figure 34 Fast rebound lower Damper velocity and Roll Angle	30
Figure 35 Fast rebound higher Damper velocity and roll angle	30
Figure 36 Tire Load Comparison – Sessions 1, 16, 2, and 5	31
Figure 37 Tire Load Comparison – Sessions 6, 7, 8, and 10	32

Table 1 Vehicle Properties	19
Table 2 spring and damper properties	20
Table 3 Summary of Vehicle Roll Behaviour and Damper Velocity Across Sessions	28
Table 4 Max peaks in tire loads for Motec and Simulink	32


1.0 [bookmark: _Toc190025287]Introduction
Vehicle dynamics are vital in motorsport for optimizing performance and handling. A seven-degree-of-freedom (7DOF) model captures key dynamics—longitudinal, lateral, vertical, roll, pitch, yaw, and wheel motions—providing insights into suspension, weight transfer, and tire forces. Palli and Sharma (2017) highlight how a 7DOF model using Newton’s method effectively simulates vehicle behaviour on varying road profiles, aiding race car performance analysis.
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[bookmark: _Ref190010995][bookmark: _Toc190025348]Figure 1 7 degree model
This report develops a 7DOF Spring-Mass-Damper model for a Formula Ford race car in MATLAB/Simulink to analyse its transient response under various driving conditions. Model accuracy is assessed through theoretical comparisons and sensitivity analysis of key parameters like suspension stiffness and damping. The findings offer race engineers insights to optimize vehicle setup and enhance track performance.




[bookmark: _Toc190025288]1.1 Development of Vehicle Dynamics Models: From 2-DOF to 7-DOF in Simulink
Paper by Shi and Zhao presents a linear two-degree-of-freedom vehicle handling stability model and conducts analogy simulations using MATLAB/Simulink.
[image: ]
[bookmark: _Ref190013071][bookmark: _Toc190025349]Figure 2 2-degree model (Shi, Zhao ,2017)
The model (Figure 2) assumes planar movement, linear tire forces, and symmetric load distribution, limiting accuracy at high slip angles and combined slip or aerodynamic effects. While useful for basic handling studies, it lacks the detail needed for comprehensive performance analysis (Shi & Zhao, 2017). A 4-DOF Simulink model for yaw stability, available on MATLAB Central (Srivatsan Srinivasan, 2025), supports different road conditions like asphalt, ice, and snow. Building on this, the next step is the development of a 7DOF model presented in this report.









[bookmark: _Toc190025289]2.0 Methodology
Table 1 Variables
[image: ]
[bookmark: _Toc190025290]2.1 Sprung Mass
[bookmark: _Ref189837296]                           						 			  Equation 2 Sprung Mass
The equation represents the sprung mass motion in the 7 DOF vehicle model (Figure 1), accounting for forces from spring stiffness (K) and damping (C) at each wheel. The Simulink diagram implements this by summing these forces, scaling by −1ms\m_s and integrating to determine vertical motion. 
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[bookmark: _Ref190001922][bookmark: _Toc190025350]Figure 3 the sprung mass, Simulink model
The inputs to this block include suspension displacements, velocities, and rotational effects (alpha(α), beta(β)) (Figure 3), ensuring that the model accurately captures vertical, roll, and pitch dynamics of the sprung mass under varying load conditions. 
[bookmark: _Toc190025291]2.2 Theta (Pitch)
The pitch motion (theta θ) describes the vehicle's rotation about the lateral axis (y-axis) also called nose up or "nose down, primarily influenced by longitudinal acceleration and deceleration. This motion occurs due to weight transfer between the front and rear axles during braking and acceleration (Hyoung, 2023).
The pitch dynamics equation, as shown in Equation 3, accounts for forces from suspension springs (K) and dampers (C) at each wheel. These forces act at specific distances from the centre of gravity (COG), generating a pitching moment of the y-axis. The equation governing the motion is: 
	
[bookmark: _Ref190002389]                                                                                                                                                                                                Equation 3 Pitch
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[bookmark: _Ref190002922][bookmark: _Toc190025351]Figure 4 Pitch in Simulink
In Simulink, inputs from all four suspension corners are fed into a summation block (Figure 2), which computes the total pitch moment. This moment is then scaled by −1\Ixx ​ to derive pitch acceleration. The output is integrated twice to determine the pitch rate (thetadot) and pitch angle (theta), which define the vehicle's longitudinal rotational behaviour. 
[bookmark: _Toc190025292]2.3 Phi (Roll)
The roll motion (phi) represents the vehicle’s rotation about the longitudinal axis (x-axis), primarily influenced by lateral acceleration and suspension response during cornering. This motion occurs due to weight transfer between the left and right wheels, affecting vehicle stability, handling, and body control (Chokor,  Doumiati,  Charara , 2020).
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[bookmark: _Toc190025352]Figure 5 (Chokor,  Doumiati,  Charara , 2020).

The roll equation (Equation 4) accounts for forces from suspension springs (K) and dampers (C) acting at each wheel, considering their lateral distances from the (COG). These forces contribute to the overall roll moment, which is computed as:
 								 Equation 4 Phi(roll)
In Simulink (Figure 6), the roll moment is calculated by summing the suspension forces at all four corners, considering their lateral positions. The moment is then scaled by −1/Iyy ​ to compute the roll acceleration. This value is integrated to determine roll rate (Phidot​) and roll angle (Phi), which define the vehicle's lateral body motion. 
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[bookmark: _Ref189829880][bookmark: _Toc190025353]Figure 6 Roll Dynamics in Simulink with Anti-Roll Bars
The phi equations include the effects of front and rear anti-roll bars (Marbf, Marbr​​), which resist body roll by redistributing load between the left and right sides of the vehicle as seen in Figure 3.
[bookmark: _Toc190025293]2.4.0 Unsprung Mass
The unsprung mass dynamics describe the vertical motion of the wheels and suspension components, which are not directly supported by the suspension springs. This is critical in capturing tyre-road interactions, ride quality, and handling stability. 
[bookmark: _Toc190025294]2.4.1 Front left wheel
The equation governing the unsprung mass (mf1 ) at the front left wheel is given as: 
 											Equation 5 Front left wheel
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[bookmark: _Toc190025354]Figure 7 Front Left Wheel
[bookmark: _Toc190025295]2.4.2 Front right wheel
											Equation 6 Front right wheel
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[bookmark: _Toc190025355]Figure 8 Front right wheel
[bookmark: _Toc190025296]2.4.3 Rear left wheel
[bookmark: _Toc190025356]											Figure 9 Front right wheel
[image: A diagram of a block diagram
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[bookmark: _Toc190025357]Figure 10 Rear left wheel
[bookmark: _Toc190025297]2.4.4 Rear Right wheel
											Equation 7 Rear Right Wheel
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[bookmark: _Toc190025358]Figure 11 Rear right wheel
These equations describe the interaction between the tyre, suspension, and sprung mass, capturing key vertical and lateral load transfer effects.
The Simulink models for each unsprung mass subsystem process tyre stiffness, suspension stiffness, and damping forces to compute the net force acting on each wheel.

Each wheel subsystem follows the same fundamental structure, with the front left, front right, rear left, and rear right suspensions modelled separately.
[bookmark: _Toc190025298]2.5 Dampers
The damping forces (Cf,Cr ​) as seen in (Sprung Mass) equation, play a crucial role in the suspension system, controlling oscillations and ensuring stability by dissipating energy from vertical and rotational motions. Instead of using a constant damping coefficient, the model utilizes lookup tables (Figure 12) to represent the nonlinear damper characteristics, allowing for a more realistic representation of damping forces under different operating conditions.
[image: A diagram of a system
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[bookmark: _Ref189837385][bookmark: _Ref189837370][bookmark: _Toc190025359]Figure 12 Dampers with Look up tables
The diagram represents the damping force calculation for one of the four dampers (Cf1, Cf2, Cr1, Cr2C ​), where the damping force is determined based on relative motion inputs:
By using lookup tables instead of a constant damping coefficient, the Simulink model can better replicate the real-world behavior of dampers, leading to more accurate vehicle dynamics simulations. This approach improves the analysis of ride comfort, handling, and transient responses, ensuring the suspension behaves realistically under various driving conditions. 
[bookmark: _Toc190025299]2.6 Springs
The spring stiffness (K) plays a crucial role in defining the suspension's response to vertical displacements. This model allows for multiple suspension setups, which can be selected dynamically to compared data to simulations data. Figure 13 shows front left spring subsection, this is done for each corner. 
[image: A diagram of a software system
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[bookmark: _Ref189838963][bookmark: _Toc190025360]Figure 13 Spring Simulink subsection for Kf1
The relative displacement  is computed. The spring stiffness value (K​) is selected from multiple pre-defined values using a multi-switch block based on the selected setup. The appropriate stiffness value (K) is sent to the suspension force calculation (goto block) so it can be used else where in the model. 
[bookmark: _Toc190025300]2.5 Anti-Roll Bar (ARB) Implementation in Simulink
The Anti-Roll Bar (ARB) is an essential suspension component that reduces body roll during cornering by distributing load between the left and right wheels. It provides an additional restoring force that counteracts roll motion, enhancing vehicle stability and handling.

[image: A diagram of a block diagram
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[bookmark: _Ref189844878][bookmark: _Toc190025361]Figure 14 ARB force
The ARB force (Farb) is calculated based on the difference in suspension deflections between the left and right wheels (Figure 14):
							Equation 8 ARB Force
[image: A diagram of a block diagram
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[bookmark: _Ref189844942][bookmark: _Toc190025362]Figure 15 Torque exerted by the ARB
Additionally, the torque exerted by the ARB (Marb) is given by (Figure 12):
 				Marb = Karb * (θ_L - θ_R) 			Equation 9 Torque exerted by ARB
which directly influences the roll moment in the vehicle’s equations of motion.
The Simulink implementation of ARBs allows for dynamic suspension tuning by adjusting stiffness values and analysing roll response in different scenarios. This approach ensures an accurate and flexible vehicle dynamics model, improving predictive performance for handling, stability, and ride quality
[bookmark: _Toc190025301]2.6 Tyre Normal Load Calculation with Aerodynamic Effects in Simulink
The Simulink block (Figure 16) computes tire normal loads at all four wheels while incorporating aerodynamic effects and lateral weight transfer.
[image: A diagram of a computer code

Description automatically generated]
[bookmark: _Ref189845921][bookmark: _Toc190025363]Figure 16 Tyre load function block
The function first determines the static normal loads acting on each tire based on:
· Vehicle weight distribution (Front/Rear)
· Unsprung and sprung masses
· Wheelbase and track width considerations
The static normal loads for each wheel are computed as:

		Equation 10 Front left static normal loads

		Equation 11 Front right static normal loads

		Equation 12 Rear left static normal loads

		Equation 13 Rear right static normal loads
The aerodynamic downforce (Fz_aero) increases with vehicle speed and is distributed between the front and rear:

				Equation 14 Total aerodynamic load

				Equation 15 Front aerodynamic load

				Equation 16 Rear aerodynamic load
Each tire gets a proportionate share of the aerodynamic load:

					Equation 17 Front left aero share

					Equation 18 Front right aero share

					Equation 19 Rear left aero share

					Equation 20 Rear right aero share
Lateral acceleration shifts weight between the left and right wheels, reducing load on one side and increasing it on the other:
:
			Equation 21Front lateral load transfer

			Equation 22 Rear Lateral Load Transfer
Each tire's final load is adjusted by adding the static load, aerodynamic downforce, and lateral weight transfer effects:

			Equation 23 Front Left Tire Load

			Equation 24Front Right Tire Load

			Equation 25 Rear Left Tire Load

			Equation 26 Rear Right Tire Load
This model improves accuracy by incorporating aerodynamic loads that scale with speed, ensuring realistic tire loading in high-speed simulations. It also dynamically adjusts normal loads for lateral weight transfer, enhancing handling accuracy during cornering. Additionally, the inclusion of both sprung and unsprung masses captures their distinct contributions to weight distribution, resulting in a more realistic suspension response. These integrations allow for more precise tire loading under dynamic conditions. 

[bookmark: _Toc190025302]2.7 Lateral and longitudinal acceleration 
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[bookmark: _Ref190015675][bookmark: _Toc190025364]Figure 17 Lateral acceleration Simulink input
The Simulink model shown in Figure 16 , processes the lateral acceleration and a copy with long inputs computes the corresponding lateral load transfer for different vehicle setups. The Setup input selects the specific session data (Session 1 to Session 18), which feeds the lateral acceleration data (Tlat) into the model for further processing.
[image: A diagram of a structure
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[bookmark: _Toc190025365]Figure 18  difference between COG height and roll centre height (Suspension Secrets, 2018)
 The value k=0.24191 calculated from the difference between COG height and roll centre height. Paper by Lee and Hans explains that roll centre migration occurs due to changes in suspension geometry during cornering, significantly affecting vehicle handling and stability. The roll centre, which represents the point where lateral forces transfer to the vehicle body, shifts during manoeuvres, altering the roll axis and influencing body roll behaviour.  (Lee, Han , 2001) The developed 7DOF model doesn’t account for this and uses a single value due to unknown suspension geometry. 
[bookmark: _Toc190025303]2.8 Assumptions and simplifications
The 7-DOF vehicle dynamics model balances computational efficiency and accuracy through several simplifications. The chassis is treated as a rigid body without structural flex (Palli and Sharma, 2017), and linear suspension behaviour is assumed, with springs proportional to displacement and velocity and lookup tables for damper nonlinearities. Unsprung masses are lumped at wheel centres, neglecting rotational inertia, while tire contact patches are simplified as single points, ignoring deformation, camber, and friction saturation (Dynatune XL, 2010).
Aerodynamic downforce scales with speed, assuming a fixed front-to-rear distribution and neglecting pitch- and roll-induced variations, which can affect stability and handling (MacKethan, 2015). Weight transfer from lateral and longitudinal acceleration is decoupled, simplifying force distribution but ignoring combined effects in aggressive manoeuvres. The anti-roll bar (ARB) is modelled as a direct force transfer mechanism without compliance or torsional flex. While these simplifications improve efficiency for handling and suspension tuning, they limit the model’s ability to capture complex nonlinear behaviours and transient tire forces accurately.
[bookmark: _Toc190025304]2.9 Estimated Aerodynamic Properties of a Formula Ford Race Car
The aerodynamic characteristics of a Formula Ford (F1600) can be estimated based on similar open-wheel vehicles and established principles. The frontal area is approximately 1.0 to 1.2 m² due to its compact but exposed design, including suspension components (Design Society, 2011). The lift coefficient (Cl) ranges from +0.1 to +0.3 without aerodynamic aids, indicating positive lift. With optimisations like rake or small fairings, Cl can become slightly negative (-0.1 to -0.3), generating limited downforce (Physicsx, 2017). These estimates provide a basis for modelling aerodynamic effects in Simulink, though precise validation would require CFD or wind tunnel testing. 



[bookmark: _Toc190025305]3 Vehicle Parameters and Model Inputs[image: ][bookmark: _Ref190024868][bookmark: _Toc190025385]Table 2 Vehicle Properties



Table 2 lists key vehicle parameters for the development of a 7-DOF vehicle dynamics model in Simulink, including mass properties, suspension characteristics, tire dimensions, and damping coefficients. Mass distribution and centre of gravity height influence weight transfer and stability, while wheelbase and track width affect handling. Suspension properties, such as spring rates and roll centre heights, determine roll and pitch behaviour, while damping coefficients for slow and fast bump and rebound control ride comfort and transient responses. These parameters form the foundation for simulating longitudinal, lateral, vertical, roll, pitch, yaw, and individual wheel dynamics, ensuring an accurate representation of vehicle behaviour [image: ]under various driving conditions.[bookmark: _Ref190024885][bookmark: _Toc190025386]Table 3 spring and damper properties

[image: A diagram with a graph and numbers

Description automatically generated]Table 3 summarizes variations in spring and damper properties across different simulation setups, including front and rear spring rates, slow and fast bump damping, and rebound damping values. Spring rates affect how the suspension absorbs vertical loads, while damping coefficients control energy dissipation during compression and rebound, influencing ride comfort, handling, and stability. The table also indicates anti-roll bar (ARB) status, which affects roll stiffness and cornering performance. These variations enable a sensitivity analysis to assess how changes in suspension properties impact the vehicle’s dynamic response under different conditions. 


[bookmark: _Ref189821332][bookmark: _Toc190025366]Figure 19 Damper curve input layout and plot
Figure 19 shows how dampers have been implemented into the 7DOF model, using a look up table block.  Damper data from Table 1 were implemented into the look up table as seen in the damper plot in Figure 19.




[bookmark: _Toc190025306]4 Analysis of Dynamic Responses
The vehicle underwent a slalom test with braking and a double lane change manoeuvre to evaluate handling and stability. The slalom, based on Blatnicky and Dizo’s approach (Figure 20), assessed lateral forces, roll, and pitch response, while the double lane change tested transient stability and grip. To validate the 7-DOF Simulink model, results were compared with simulator data, focusing on lateral load transfer, roll response, and braking performance. This helped assess the model's accuracy and identify areas for refinement to improve correlation with real-world dynamics.

[image: A diagram of a graph
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[bookmark: _Ref190023777][bookmark: _Toc190025367]Figure 20 Slalom test (Blatnicky, Dizo, 2023)
The lateral acceleration (Figure 21) and damper velocity (Figure 22) plots for each session reveal inconsistencies in the lane change test execution across sessions. The lateral acceleration data exhibits varying peak positions and response durations, indicating significant differences in test conditions such as, steering input, and lane change position. This variability affects the repeatability and reliability of the data for comprehensive analysis.

[image: A close-up of several graphs
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[bookmark: _Ref190022967][bookmark: _Toc190025368]Figure 21 Lateral Data for lane change
Similarly, the damper velocity plots show highly inconsistent patterns, with substantial variations in both front-left (FL) and front-right (FR) damper responses. 

[image: A group of diagrams showing different types of lines
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[bookmark: _Ref190022980][bookmark: _Toc190025369]Figure 22 Damper Velocity for lane change
Given the non-uniform results, any comparative analysis of roll motion and damper velocity across sessions would be misleading.
[bookmark: _Toc190025307]4.1 Model Validation
Session 1 is chosen to model the accuracy and limitations of the model before effect of suspension and damping changes are examined.  Figure 8 shows a comparison of roll angle between Motec (real-world data) and Simulink (simulation) for Session 1. 
[image: A graph of a graph showing a comparison of a roll angle
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[bookmark: _Ref189925074][bookmark: _Toc190025370]Figure 23 Comparison of Roll Angle Session 1
Overall, the two align well, indicating the model captures roll dynamics effectively. However, the Simulink roll angle shows slightly higher peaks and deeper valleys, particularly during cornering transitions, suggesting an overestimation of roll amplitude. Despite these differences, the phase alignment remains consistent, showing no significant delay between the two signals. The discrepancies at peak values may be due to simplified model assumptions, such as linear suspension behaviour or neglecting tire compliance effects.
[image: A graph showing a comparison of pitch angle
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[bookmark: _Ref189925200][bookmark: _Toc190025371]Figure 24 Comparison of pitch angle session 1
Figure 24 shows a key discrepancy in pitch angle between Motec data and the Simulink model. The Motec data reflects continuous negative pitch due to the vehicle’s rake setup, where the front sits lower than the rear, combined with aerodynamic effects during high-speed cornering and braking. In contrast, the Simulink model shows minimal pitch variation due to unmodeled aerodynamic effects and suspension compliance. The sudden drop at 1800 seconds corresponds to braking. Research by Džijan and Buljac (2019) highlights that rake angle variations significantly affect aerodynamic load distribution, underscoring the need to account for dynamic pitch changes in simulation models for improved accuracy.
[image: A graph showing a diagram of a tire load

Description automatically generated]
[bookmark: _Ref189927221][bookmark: _Toc190025372]Figure 25 Comparison of front tire loads with aero
Figure 25 and Figure 26 compares front and rear tire loads between Motec data  and Simulink simulations with basic aerodynamic effects. For the front tires, both datasets show similar trends with consistent variations during the slalom manoeuvre. However, the Simulink model predicts generally lower tire loads, particularly at peak values, suggesting that aerodynamic downforce or weight transfer may be underestimated. 
[image: A graph of a tire load
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[bookmark: _Ref189927230][bookmark: _Toc190025373]Figure 26 Comparison of rear tire loads
Rear tire loads show closer agreement between Simulink and Motec, indicating more accurate rear dynamics. Rear weight transfer is simpler, with less influence from steering inputs, making it easier to simulate (Steven, 2022). In contrast, front tires face complex dynamics from steering, braking, pitch variations, and aerodynamic effects. The complexity of front suspension geometry further complicates modelling (Soong and Ramli, 2017).
[image: A graph showing a waveform
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[bookmark: _Ref189930206][bookmark: _Toc190025374]Figure 27 Comparison of Front damper velocities
Figure 27 and Figure 28 compare damper velocities between Motec and Simulink for Session 1. Both datasets show similar trends, with Simulink capturing the general behaviour. Front damper velocities in Simulink exhibit closer peaks, suggesting better accuracy, while rear damper velocities show slight deviations, especially at peaks. Overall, the patterns confirm the slalom manoeuvre.
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[bookmark: _Ref189930209][bookmark: _Toc190025375]Figure 28  Comparison of Rear  damper velocities
Discrepancies in front and rear damper velocities arise from several factors, notably the use of sharp, segmented damper curves that lack the smooth transitions seen in real-world behaviour (Kou and Wei). While based on research-derived curves, the model's simplified nature can exaggerate or delay responses during high-frequency events like slalom manoeuvres, causing noticeable velocity spikes absent in the Motec data.
[image: A graph and diagram of a graph
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[bookmark: _Ref189931885][bookmark: _Toc190025376]Figure 29 Damper curve in model(left) Typical Damper curve based of research(right) (Kou,  Wei,  Tian, 2018).
Aerodynamic effects on dampers are not modelled, likely underestimating damper activity at high speeds, especially at the front, where aerodynamic load is greater. Research shows aerodynamic downforce significantly impacts handling by altering vertical loads (Konwar, Sharma, 2021). The absence of a Pacejka tire model reduces tire force accuracy, affecting vertical load distribution and damper response. The widely used Pacejka 'Magic Formula' predicts tire behaviour more accurately under various conditions (Arosio, Braghin, 2005). Simplified suspension geometry and omitted pitch-induced aero effects further contribute to inaccuracies in rear damper velocities.

[image: A comparison of a roll angle and a roll angle
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[bookmark: _Toc190025308]4.2 Spring Sensitivity Analysis
Perform a sensitivity analysis on critical parameters (e.g., tyre stiffness, suspension damping). Discuss how variations in these parameters affect the vehicle’s dynamic response
The roll velocity plots reveal the dynamic differences between various suspension setups. Session 3 (Stiff) shows minimal roll velocity peaks, reflecting the system’s limited body movement and rapid damping due to the stiffer suspension configuration, which reduces roll response and enhances stability (Figure 30).
[image: A graph of a waveform
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[bookmark: _Ref189937720][bookmark: _Toc190025377]Figure 30 Simulink stiff and soft Roll velocity
In contrast, Session 5 (Soft) displays higher roll velocity peaks, indicating greater body roll and slower damping, resulting in increased oscillation and prolonged settling time.
 Session 6 (Front Stiff, Rear Soft) provides a more balanced roll response, where the stiff front limits initial roll movement, but the softer rear allows for sustained oscillation. 
[image: A graph of a simulation of a simulation
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[bookmark: _Ref189938561][bookmark: _Toc190025378]Figure 31 Roll velocity (left)Front stiff, rear soft (Right)Front Soft, Rear stiff
Meanwhile, Session 7 (Front Soft, Rear Stiff) demonstrates a higher initial roll velocity, primarily driven by the soft front suspension, with the stiffer rear providing better control and reduced oscillation at the rear end (Figure 31).
A study analysing the influence of body stiffness on vehicle dynamics backup these findings due to finding that Stiffer suspensions reduce body roll and improve transient response, while softer setups increase roll motion and settling time. Increased torsional stiffness enhances roll balance, emphasizing the importance of suspension tuning for performance (Danielsson & González, 2016).
[bookmark: _Toc190025309]4.3 Damper Sensitivity Analysis
Table 4 summarizes vehicle roll behaviour and damper velocity across eight sessions. Peak roll angle ranges from 1.2142° (Session 15) to 1.4469° (Session 11), with Sessions 9 and 11 showing significant lateral weight transfer, though average roll angles remain below 0.5°
[bookmark: _Ref189942282][bookmark: _Toc190025387]Table 4 Summary of Vehicle Roll Behaviour and Damper Velocity Across Sessions
[image: ]
, indicating overall roll stability. Peak damper velocity varies from 0.80424 mm/s (Session 13) to 1.9709 mm/s (Session 12), while average damper velocities stay low except in Sessions 9 and 13, suggesting mostly moderate suspension activity. A potential correlation between higher peak roll angles and increased damper velocities suggests roll dynamics impact suspension movement.
Sessions 9,11,12,13 have been chosen for vehicle’s dynamic response analysis. Each session reflects a distinct configuration affecting roll behaviour and damper velocity. Session 9 (Figure 32) shows frequent damper velocity peaks and significant roll oscillations, indicating aggressive suspension response and higher lateral movement, which may compromise stability. 
[image: A graph of a waveform
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[bookmark: _Ref189944702][bookmark: _Toc190025379]Figure 32 Fast Bump higher Damper velocity and Roll Angle
Session 11 (Figure 33), with smoother damper velocity and stable roll angle, suggests improved roll stability and better handling.
[image: A graph of a waveform
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[bookmark: _Ref189944662][bookmark: _Toc190025380]Figure 33 Slow Bump Higher Damper Velocity and Roll Angle
In Session 12 (Figure 19), rapid damper recovery results in high peaks but less pronounced roll angle, indicating potential instability. 


[image: A graph of a waveform
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[bookmark: _Ref189944570][bookmark: _Toc190025381]Figure 34 Fast rebound lower Damper velocity and Roll Angle
Session 13 (Figure 35) shows similar damper behaviour but with better roll control, offering a balance between comfort and stability at higher speeds.
[image: A graph of a waveform
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[bookmark: _Ref189944524][bookmark: _Toc190025382]Figure 35 Fast rebound higher Damper velocity and roll angle
High damper velocities in Sessions 9 and 12 indicate increased vertical dynamics, reducing stability during high lateral acceleration, consistent with findings that low damping at high velocities causes instability (Guba, Rizzoni, 2006). Session 11, with lower damper velocities and consistent roll behavior, improves handling and stability. Slower bump and rebound setups enhance comfort and control of vertical dynamics. Session 11 suits scenarios requiring stability, while Session 13 balances agility and comfort, aligning with research that optimized damping reduces oscillations without sacrificing agility (Albinsson, Routledge, 2013).
A sensitivity analysis on tyre stiffness, suspension damping, and roll centre height would help optimize performance. Increasing tyre stiffness reduces roll angle but worsens comfort. Higher damping minimizes roll oscillations but slows response, while lower damping increases agility at the cost of stability. Adjusting roll centre height can balance roll amplitude and comfort.
[bookmark: _Toc190025310]4.4 Tire Load Behaviour under Damper and Spring Configurations
Simulink data generally aligns well with Motec, though minor differences in peak values and timing appear, likely due to aero load effects or damping estimation. In Session 1 (Default, No ARB), Simulink loads are slightly lower than Motec, while Session 16 (with ARB) shows improved consistency and more stable rear loads, reflecting reduced lateral transfer and better load distribution (Figure 36).
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[bookmark: _Ref189996197][bookmark: _Toc190025383]Figure 36 Tire Load Comparison – Sessions 1, 16, 2, and 5
Session 2 (Semi Stiff) shows significantly higher peak loads due to reduced suspension travel, leading to a sharper load response. In contrast, Session 5 (Soft Suspension) displays smoother transitions, and slight peak timing shifts due to softer damping. Stiffer setups, like Session 2, increase handling aggressiveness, while softer configurations, like Session 5, prioritize comfort. Session 16 (with ARB) demonstrates reduced peak variation, enhancing stability. This close correlation between Simulink and Motec confirms the simulation’s reliability in predicting tire loads. Gao and Wu (2021) support this, showing that anti-roll bars reduce peak load variations, improving overall vehicle stability.


[image: A graph of tire load comparison
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[bookmark: _Ref189998870][bookmark: _Toc190025384]Figure 37 Tire Load Comparison – Sessions 6, 7, 8, and 10
In Session 6 (Front Stiff, Rear Soft) and Session 7 (Front Soft, Rear Stiff), the asymmetric setups cause notable differences in load distribution. Session 6 shows higher peak loads in the front, while Session 7 shifts the load to the rear, reflecting how suspension stiffness affects dynamic balance and tire load transfer (Figure 37).Simulink and Motec data generally align well, although slight differences in rear tire peaks indicate variations in real-world damping response, peaks can be seen in Table 5.
[bookmark: _Ref189998813][bookmark: _Toc190025388]Table 5 Max peaks in tire loads for Motec and Simulink
[image: ]
Session 8 (Fast Bump Lower) and Session 10 (Slow Bump Lower) demonstrate the impact of damping speed. Session 8 produces sharper, higher peak loads (2708 N Simulink vs. 2628 N Motec), suggesting that faster bump settings induce more aggressive vertical dynamics. In contrast, Session 10 has more controlled and smoother peak loads, with lower peak values (1798 N Simulink vs. 1864 N Motec), indicating improved stability. The data shows that stiffer front setups (Session 6) increase handling responsiveness, while slower bump damping (Session 10) reduces peak loads and improves comfort. Overall, the close correlation between Simulink and Motec data supports the accuracy of the simulation in capturing key load characteristics.

[image: A comparison of tire load and tire load
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The tire load comparison for Sessions 12 and 14 highlights the impact of rebound damping on tire dynamics. Session 12 (Fast Rebound Lower) shows the highest peak loads (3169 N Simulink vs. 2921 N Motec), reflecting rapid suspension extension and significant vertical load transfer, particularly at the rear. The close match between Simulink and Motec validates the simulation’s accuracy despite slight peak differences.
In contrast, Session 14 (Slow Rebound Lower) exhibits lower peak loads (2973 N Simulink vs. 2909 N Motec) and a more controlled response. Slower rebound damping reduces load variation, enhancing stability and ride comfort. This comparison demonstrates how rebound damping adjustments significantly affect tire load behaviour, with fast settings favouring an aggressive response and slow settings improving overall stability.
 










5. Conclusion
The development and analysis of the 7DOF vehicle dynamics model provided valuable insights into the transient behavior of a Formula Ford race car under various driving conditions. Implemented in MATLAB/Simulink, the model effectively captured key dynamics such as longitudinal, lateral, vertical motions, and roll, pitch, and yaw responses, along with tire and suspension interactions. Validation against real-world data highlighted its ability to replicate tire loads and damper velocities with reasonable accuracy.
The sensitivity analyses revealed how suspension stiffness, damping, and anti-roll bar settings influence handling and stability. For instance, increasing suspension stiffness reduced body roll and improved transient response, while softer setups offered better ride comfort but increased oscillations. Damper tuning demonstrated the importance of balancing fast bump and rebound characteristics to manage peak damper velocities and tire loads, crucial for stability during high-speed manoeuvres.
Although the model showed strong performance in simulating basic dynamics, discrepancies at high slip angles and pitch-induced aerodynamic effects were noted due to its assumptions of linear tire forces and symmetric load distribution. Incorporating a more advanced tire model, such as the Pacejka Magic Formula, and refining aerodynamic effects could enhance accuracy further.
Ultimately, this study provided a reliable platform for simulating and optimizing vehicle dynamics in motorsport applications. Future work could focus on a 14 degree model and advanced nonlinear models for greater predictive accuracy, offering race engineers and designers a powerful tool for improving vehicle setup and on-track performance.
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Variable Description

TL_FL Front Left Tire Load

TL_FR Front Right Tire Load

TL_RL Rear Left Tire Load

TL_RR Rear Right Tire Load

Karb Anti-roll bar stiffness (Nm/rad)

d Track width (distance between left and right wheels)

θ_L Suspension deflection at left wheel (radians)

θ_R Suspension deflection at right wheel (radians)

Farb Vertical force applied to each wheel by the ARB

Z Sprung mass vertical displacement

Zfi Unsprung mass displacement (wheel centre motion)

theta Pitch angle (affecting front-to-rear load transfer)

phi Roll angle (affecting lateral load transfer)

Alpha Geometric distance of the wheel from the centre of gravity (front)

beta_ Geometric distance of the wheel from the centre of gravity (rear)

Zdot Vertical velocity of the sprung mass

Zdotf1 Vertical velocity of the front unsprung mass

theta_dot Pitch rate

phi_dot Roll rate

zfi Vertical displacement of the unsprung mass (wheel center)

Z Sprung mass displacement

theta Pitch angle affecting weight transfer

phi Roll angle affecting weight transfer

Ktf Tyre stiffness (front)

Ktr Tyre stiffness (rear)

Ctf Tyre damping (front)

Ctr Tyre damping (rear)

Kf Suspension spring stiffness (front)

Kr Suspension spring stiffness (rear)

Cf Suspension damping coefficient (front)

Cr Suspension damping coefficient (rear)

Zf1 Unsprung mass displacement at front left wheel

Zf2 Unsprung mass displacement at front right wheel

Zr1 Unsprung mass displacement at rear left wheel

Zr2 Unsprung mass displacement at rear right wheel

Kfi Front suspension spring stiffness

Kri Rear suspension spring stiffness

Cfi Front suspension damping coefficient

Cri Rear suspension damping coefficient

a Distance from COG to front axle

b Distance from COG to rear axle

α Lateral position of front suspension point

β Lateral position of rear suspension point
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Parameter Symbol Value

Vehicle Mass (kg) M_v 514

Front Corner Unsprung Mass (kg)M_uf 22

Rear Corner Unsprung Mass (kg) M_ur 22

Vehicle Sprung Mass (kg) M_s 470

Centre of Gravity Height (m) CoG 0.277

Weight Split F:R (%) W 45:55

Wheelbase (m) L 2.443

Front Track (m) Tr_f 1.62

Rear Track (m) Tr_r 1.597

Front Tyre Rolling Radius (m) r_f 0.2667

Rear Tyre Rolling Radius (m) r_r 0.2697

Front Motion Ratio MR_f 1

Rear Motion Ratio MR_r 1

Front Default Spring Rate (N/mm)K_sf 18

Rear Default Spring Rate (N/mm)K_sr 16

Front Roll Centre Height (mm) h_rf 80

Rear Roll Centre Height (mm) h_rr 108

Front Slow Bump (N/m/s) B_sf 1660

Rear Slow Bump (N/m/s) B_sr 1612

Front Slow Rebound (N/m/s) R_sf 5915

Rear Slow Rebound (N/m/s) R_sr 537

Front Fast Bump (N/m/s) B_ff 537

Rear Fast Bump (N/m/s) B_fr 537

Front Fast Rebound (N/m/s) R_ff 537

Rear Fast Rebound (N/m/s) R_fr 537
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Column1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Front Spring Rate

 (N/mm) 18 22 26 14 9 26 9 18 18 18 18 18 18 18 18 18 18 18

Rear Spring Rate

 (N/mm)

16 20 24 12 8 8 24 16 16 16 16 16 16 16 16 16 16 16

Front Slow Bump

 (N/m/s) 1645 1645 1645 1645 1645 1645 1645 1645 1645 1245 2045 1645 1645 1645 1645 1645 1645 1645

Front Fast Bump

 (N/m/s)

533.25 533.25 533.25 533.25 533.25 533.25 533.25 383.25 683.25 533.25 533.25 533.25 533.25 533.25 533.25 533.25 533.25 533.25

Front Slow Rebound 

(N/m/s) 1936.25 1936.25 1936.25 1936.25 1936.25 1936.25 1936.25 1936.25 1936.25 1936.25 1936.25 1936.25 1936.25 1436.25 2436.25 1936.25 1936.25 1936.25

Front Fast Rebound 

(N/m/s)

511 511 511 511 511 511 511 511 511 511 511 383.25 638.75 511 511 511 511 511

Rear Slow Bump 

(N/m/s) 1507.75 1507.75 1507.75 1507.75 1507.75 1507.75 1507.75 1507.75 1507.75 1107.75 1907.75 1507.75 1507.75 1507.75 1507.75 1507.75 1507.75 1507.75

Rear Fast Bump 

(N/m/s)

552.75 552.75 552.75 552.75 552.75 552.75 552.75 402.75 702.75 552.75 552.75 552.75 552.75 552.75 552.75 552.75 552.75 552.75

Rear Slow Rebound 

(N/m/s) 1609 1609 1609 1609 1609 1609 1609 1609 1609 1609 1609 1609 1609 1209 2009 1609 1609 1609

Rear Fast Rebound 

(N/m/s)

552.75 552.75 552.75 552.75 552.75 552.75 552.75 552.75 552.75 552.75 552.75 402.75 702.75 552.75 552.75 552.75 552.75 552.75

ARB Front (N/mm) DetachedDetachedDetachedDetachedDetachedDetachedDetachedDetachedDetachedDetachedDetachedDetachedDetachedDetachedDetached 8 8Detached

ARB Rear (N/mm)

DetachedDetachedDetachedDetachedDetachedDetachedDetachedDetachedDetachedDetachedDetachedDetachedDetachedDetachedDetached 8Detached 8
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Session Peak_Roll_Angle_Deg Avg_Roll_Angle_Deg Peak_Damper_Vel_mm_s Avg_Damper_Vel_mm_s

8 1.3868 0.24036 0.97538 0.008819

9 1.4158 0.44684 1.5493 0.089692

10 1.246 0.23568 1.0372 0.0086754

11 1.4469 0.23381 1.372 0.0083204

12 1.3275 0.22946 1.9709 0.0083806

13 1.346 0.40181 0.80424 0.082192

14 1.2551 0.22113 1.3988 0.0083911

15 1.2142 0.21907 1.754 0.0083719
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Session Max Simulink Peak (N) Max Motec Peak (N)

Session 1 1557.278484 1604.357238

Session 16 1898.224106 1791.397811

Session 2 1794.269599 1850.504909

Session 5 2158.439362 2250.627328

Session 6 2533.76917 2512.132058

Session 7 2367.086047 2271.204501

Session 8 2708.397768 2628.556838

Session 10 1798.800663 1864.188809

Session 12 3169.500079 2921.87434

Session 14 2973.164593 2909.293792
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