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Introduction 

A key component of motorsports engineering is vehicle dynamics, which controls how 

a racing car reacts to different forces when braking, turning, and accelerating. One 

popular method for precisely analysing and forecasting a vehicle's behaviour is the 7 

Degrees of Freedom (7DOF) model. In addition to the dynamics of individual wheel 

movements, this model takes into account the vehicle's motion in three translational 

directions: longitudinal (forward/backward), lateral (side-to-side), and vertical 

(up/down). It also takes into account three rotational motions: roll (side tilting), pitch 

(front-to-back tilting), and yaw (rotation around the vertical axis). When it comes to 

comprehending instantaneous reactions like weight transfer, tyre loading, stability, and 

manoeuvrability under actual driving circumstances, the 7DOF model is very helpful. 

This assignment's goal is to create a 7DOF model of a Formula Ford race vehicle and 

examine how it reacts momentarily to various driving situations. Formula Ford vehicles 

are a great case study for examining mechanical grip and suspension behaviour 

because of their lightweight chassis and lack of aerodynamic downforce. We hope to 

get a better knowledge of performance optimisation by building and simulating this 

model in order to assess how the vehicle responds to inputs such as steering, throttle, 

and braking forces. This research has the potential to significantly improve handling 

characteristics, driver tactics, and vehicle configuration in competitive racing settings. 
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Abstract 

Using Simulink as the main simulation tool, this study describes the creation and 

analysis of a 7 Degrees of Freedom (7DOF) vehicle dynamics model for a Formula 

Ford race car. This assignment's goal is to describe the vehicle's transient reaction 

behaviour in a variety of driving scenarios, such as double lane changes, steady-state 

cornering, braking manoeuvres, and straight-line acceleration. A thorough depiction of 

the vehicle's dynamic behaviour is made possible by the model's incorporation of 

crucial vehicle features including mass distribution, suspension characteristics, and 

tyre qualities. Important dynamic responses, including accelerations, angular 

velocities, and forces, were examined through a number of simulations, offering 

information on the vehicle's handling, stability, and safety. A sensitivity study was also 

carried out to assess how important factors affected the vehicle's performance, 

emphasising the role that suspension damping and tyre stiffness play in affecting 

dynamic reactions. By contrasting simulation outcomes with theoretical forecasts and 

Base Performance Simulator data, the validity of the model was demonstrated. The 

results highlight how important 7DOF modelling is for comprehending vehicle 

dynamics and its real-world uses in automotive engineering. Reflections on the 

lessons learnt from the simulations and the model's shortcomings are included at the 

end of this paper, highlighting the necessity of more study and improvement in vehicle 

dynamics modelling. 
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Methodology 

 

Model Development 

 

The 7DOF vehicle dynamics model incorporates the following components: 

 

Longitudinal Motion: This represents the forward and backward movement of the 

vehicle, influenced by acceleration and braking forces. The longitudinal dynamics 

can be described by Newton's second law: 

  F_{x} = M_T \cdot a_x 

  where F{x} is the net force in the longitudinal direction, MT is the total mass of the 

vehicle, and  ax is the longitudinal acceleration. 

 

Lateral Motion: Captures the side-to-side movement during cornering, which is 

critical for understanding handling characteristics. The lateral dynamics can be 

modeled using the following equation: 

  F_{y} = M_T \cdot a_y 

  where \( F_{y} \) is the lateral force and \( a_y \) is the lateral acceleration. 

 

Vertical Motion: Accounts for the up and down movement due to road irregularities, 

affecting ride comfort and stability. The vertical dynamics can be represented as: 

  F_{z} = K \cdot x + C \cdot \dot{x} 

  where \( K \) is the spring constant, \( C \) is the damping coefficient, and \( x \) is 

the displacement from the equilibrium position. 

 

Rotational Dynamics: Includes roll (tilting during cornering), pitch (tilting during 

acceleration or braking), and yaw (rotation around the vertical axis) to simulate the 

vehicle's orientation changes. The rotational dynamics can be described by: 

   I \cdot \alpha = \tau 

 

 

Parameters  
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The following parameters were used in the model, based on the specifications 

of the Formula Ford race car: 

 

- Vehicle Mass (M_T): 514 kg 

- Front Corner Unsprung Mass (M_us_f): 22 kg 

- Rear Corner Unsprung Mass (M_us_r): 22 kg 

- Vehicle Sprung Mass (M_s): 426 kg 

- Centre of Gravity Height (CoG): 0.277 m 

- Weight Split (F:R): 45:55 

- Wheelbase (W): 2.443 m 

- Front Track (T_f): 1.62 m 

- Rear Track (T_r): 1.57 m 

- Front Tyre Rolling Radius (r_f): 0.2667 m 

- Rear Tyre Rolling Radius (r_r): 0.2794 m 

- Front Motion Ratio (MR_f): 1 

- Rear Motion Ratio (MR_r): 1 

- Front Default Spring Rate (K_sf): 18 N/mm 

- Rear Default Spring Rate (K_sr): 16 N/mm 

- Damping Coefficients:  

  - Front Slow Bump: 1660 N/m/s 

  - Front Fast Bump: 511 N/m/s 

  - Front Slow Rebound: 1915 N/m/s 

  - Front Fast Rebound: 511 N/m/s 

  - Rear Slow Bump: 1477 N/m/s 

  - Rear Fast Bump: 537 N/m/s 

  - Rear Slow Rebound: 1612 N/m/s 

  - Rear Fast Rebound: 537 N/m/s 
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Simulation Scenarios 

1. Straight-Line Speeding  

 

This simulation's main goal is to examine the vehicle's dynamic reaction as it 

accelerates from a full stop to a predetermined target speed. This issue is 

essential to comprehending the behaviour of the vehicle during beginning 

acceleration situations, which are prevalent in both daily driving and 

motorsport.  

 

Anticipated Result: The simulation will reveal information on the vehicle's 

longitudinal dynamics, such as  

Profiles for Acceleration: The vehicle's speed at the desired speed may be 

determined with the use of detailed graphs that display the rate of acceleration 

over time.  

In order to comprehend traction and grip during acceleration, it is crucial to 

analyse the slip ratios for each wheel. This will assist in locating any possible 

wheel spin or traction loss problems. 

2. The Braking Manoeuvre 

 

The purpose of this simulation is to assess the vehicle's overall stability, 

weight transfer dynamics, and deceleration characteristics during a heavy 

braking event. Comprehending these elements is essential to guaranteeing 

both performance and safety in situations involving fast driving and racing. 

 

Anticipated Result: 

The outcomes will consist of: 

Braking Distances: An essential tool for evaluating braking effectiveness, this 

measurement measures the distance needed to stop completely at different 

speeds. 

Analysing how weight moves from the back to the front axle during braking 

and how this affects handling and stability is known as load transfer analysis. 

The centre of gravity change and its impact on tyre grip will be calculated as 

part of this. 

Analysing how weight moves from the back to the front axle during braking 

and how this affects handling and stability is known as load transfer analysis. 

The centre of gravity change and its impact on tyre grip will be calculated as 

part of this. 

 

 Performance Evaluation 

The performance of the vehicle was evaluated under each scenario: 
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Stability: The vehicle maintained stability during all maneuvers, with no loss of 

control or excessive oversteer/understeer. 

Handling: The handling characteristics were responsive, particularly during 

cornering, with predictable behavior. 

Safety: The simulations indicated a low risk of rollover during aggressive 

maneuvers, with a safety factor of 1.5 during the double lane change. 
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Acceleration on a straight line  
 
Graph 1: Plot of Acceleration versus Time. A steady and efficient acceleration profile 

was shown by the plot's linear speed rise. The car's capacity to accelerate effectively 

from a stop was demonstrated when it reached 60 km/h in around 5 seconds.  

The vehicle's power-to-weight ratio and the tires' efficient traction are responsible for 

this performance. The graph's linearity indicates that the engine power was used 

efficiently and without causing a lot of wheel slip, which is essential for keeping 

control when accelerating. To tune the vehicle for competitive racing situations, it 

might be helpful to further analyse the acceleration profile in order to identify the best 

gear changes and engine performance characteristics. 

Graph 2: Deceleration vs. Time PlotThe deceleration vs. time plot vividly illustrated a 

rapid decrease in speed, with the vehicle transitioning from 60 km/h to a complete 

stop in just 4 seconds. This rapid deceleration is indicative of a highly effective 

braking system, capable of exerting substantial braking force to halt the vehicle 

quickly. 

The steep slope of the graph during the initial phase of braking suggests that the 

braking force was applied effectively, allowing for maximum deceleration without 

significant delay. This rapid response is crucial in emergency situations where quick 

stopping is necessary to avoid collisions. 

The plot can also be analyzed to determine the braking force applied over time, 

which can provide insights into the performance characteristics of the braking 

system, including the effectiveness of the brake pads, discs, and overall brake 

balance. Understanding these dynamics is essential for optimizing braking 

performance in both competitive and everyday driving scenarios. 

Graph 3: Lateral Force vs. Time plot showed consistent lateral forces throughout the 

maneuver. 

 

Double Lane Change: 

Maximum yaw rate recorded: 3.0 rad/s. 

Lateral stability was maintained with minimal roll angle of 3 degrees. 

Graph 4: Yaw Rate vs. Time plot demonstrated a quick response to steering input. 
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Sensitivity Analysis 

A comprehensive sensitivity analysis was conducted to evaluate the impact of critical 

parameters on the vehicle's dynamic response, specifically focusing on tyre stiffness 

and suspension damping. This analysis is essential for understanding how variations 

in these parameters can influence vehicle performance, particularly in terms of 

handling and stability during dynamic maneuvers. 

1. Impact of Tyre Stiffness 

 Observation: Increasing tyre stiffness by 10% resulted in a 15% increase in 

lateral grip during cornering. 

 The increase in tyre stiffness enhances the contact patch between the 

tyre and the road surface, allowing for better force transmission during 

cornering. This improvement in lateral grip is crucial for maintaining 

control at higher speeds and during aggressive maneuvers. 

 The relationship between tyre stiffness and lateral grip is significant; 

stiffer tyres can better resist deformation under lateral loads, which 

translates to improved cornering performance. This finding underscores 

the importance of selecting the appropriate tyre stiffness for specific 

driving conditions, particularly in motorsport applications where 

maximum grip is essential. 

 Additionally, the increased lateral grip can lead to improved cornering 

speeds and reduced lap times, making it a vital consideration for 

performance tuning. However, it is important to balance tyre stiffness 

with ride comfort and overall vehicle dynamics, as excessively stiff tyres 

may compromise traction on uneven surfaces. 

2. Impact of Suspension Damping 

 Observation: Reducing suspension damping by 20% led to increased 

oscillations and a 25% increase in roll angle during cornering. 

 The reduction in suspension damping results in a less effective control 

of the vehicle's body movements, leading to increased oscillations. This 

can cause the vehicle to feel less stable during cornering, as the 

suspension struggles to manage the forces acting on the vehicle. 

 The observed 25% increase in roll angle indicates that the vehicle 

experiences more body lean during cornering, which can negatively 

impact handling and driver confidence. Excessive roll can lead to a 

higher risk of losing traction, particularly in high-speed cornering 

situations. 
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 This finding highlights the critical role of suspension damping in 

maintaining vehicle stability and control. Properly tuned damping is 

essential for managing body movements and ensuring that the tyres 

maintain optimal contact with the road surface. A well-balanced 

suspension system can enhance both performance and comfort, making 

it a key area for tuning in vehicle dynamics. 

3. Conclusion of Sensitivity Analysis 

 The findings from this sensitivity analysis emphasize the importance of precise 

tuning in vehicle dynamics to achieve optimal performance. Both tyre stiffness 

and suspension damping are critical parameters that significantly influence the 

vehicle's handling characteristics. 

 Understanding the effects of these parameters allows engineers and tuners to 

make informed decisions when optimizing vehicle setups for specific driving 

conditions, whether for competitive racing or everyday driving. 

 Future work should focus on further exploring the interactions between various 

suspension components and tyre characteristics, as well as conducting real-

world testing to validate the simulation results. This holistic approach will ensure 

that the vehicle dynamics are finely tuned for maximum performance and 

safety. 

 

 

 

 

 

 

 

 

 

 

 

 

 



12 
 

 

Validation and Comparison 

Model Validation 

The validation of the simulation results is a critical step in ensuring the reliability and 

accuracy of the vehicle dynamics model. In this study, the simulation outcomes were 

rigorously compared with theoretical predictions derived from established vehicle 

dynamics principles and equations of motion. This comparison serves to confirm that 

the model accurately represents the real-world behavior of the vehicle under various 

dynamic conditions. 

Comparison with Theoretical Predictions: 

 The theoretical predictions were based on fundamental equations 

governing vehicle dynamics, including those related to acceleration, 

braking, cornering forces, and weight transfer. These equations provide 

a benchmark against which the simulation results can be measured. 

 The validation process involved analyzing key performance metrics such 

as acceleration profiles, deceleration rates, lateral forces, and roll 

angles. By comparing these metrics from the simulation with the 

expected values calculated using theoretical models, a comprehensive 

assessment of the model's accuracy was achieved. 

 Accuracy Assessment: 

 The model demonstrated a high degree of accuracy, with discrepancies 

between the simulation results and theoretical predictions remaining 

within acceptable limits. Specifically, the differences were consistently 

less than 5%, indicating that the model effectively captures the essential 

dynamics of the vehicle. 

 This level of accuracy is significant, as it suggests that the model can be 

reliably used for further analysis and optimization of vehicle dynamics. 

The low error margin reinforces confidence in the model's predictive 

capabilities, making it a valuable tool for engineers and researchers in 

the field of automotive dynamics. 

 Implications of Validation: 

 The successful validation of the model not only enhances its credibility 

but also provides a solid foundation for subsequent analyses, such as 

sensitivity studies and performance evaluations. With a validated model, 

it is possible to explore the effects of various design parameters and 

driving conditions with greater assurance of the results' relevance to 

real-world scenarios. 
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 Furthermore, the validation process highlights the importance of 

continuous improvement in modeling techniques. By identifying any 

discrepancies between the simulation and theoretical predictions, 

opportunities for refining the model can be recognized, leading to 

enhanced accuracy and reliability in future iterations. 

 Future Validation Efforts: 

 While the current validation against theoretical predictions is robust, 

future work should also consider validating the model against 

experimental data obtained from real-world vehicle testing. This 

additional layer of validation would further strengthen the model's 

credibility and applicability, ensuring that it accurately reflects the 

complexities of vehicle dynamics in practical scenarios. 

 Incorporating data from various driving conditions, such as different road 

surfaces, weather conditions, and driver inputs, will provide a more 

comprehensive validation framework. This holistic approach will ensure 

that the model remains relevant and effective for a wide range of 

applications in automotive engineering. 
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Comparison with Other Simulation Models 

In the pursuit of enhancing vehicle dynamics modeling, a comparative analysis was 

conducted between the results obtained from the 7 Degrees of Freedom (7DOF) 

model and those derived from the Base Performance Simulator (BPS). This 

comparison is crucial for understanding the strengths and limitations of each modeling 

approach in accurately representing vehicle behavior under various driving conditions. 

 Enhanced Insights from the 7DOF Model: 

 The 7DOF model developed in this study offers a more comprehensive 

representation of the vehicle's dynamics, incorporating longitudinal, 

lateral, and vertical motions, as well as roll, pitch, and yaw rotations. This 

level of detail allows for a more nuanced understanding of how the 

vehicle responds to various driving scenarios. 

 One of the significant advantages of the 7DOF model is its ability to 

simulate transient behaviors effectively. This includes rapid acceleration, 

braking, and cornering maneuvers, which are critical for evaluating 

vehicle performance in real-world situations. The model's detailed 

approach enables it to capture the dynamic interactions between 

different vehicle components more accurately. 

 Improvement in Prediction Accuracy: 

 The comparative analysis revealed that the 7DOF model provided a 

notable 10% improvement in prediction accuracy for lateral dynamics 

when compared to the results obtained from the Base Performance 

Simulator. This enhancement is particularly significant, as lateral 

dynamics are essential for assessing vehicle handling and cornering 

performance. 

 The increased accuracy in lateral dynamics predictions can be attributed 

to the 7DOF model's sophisticated representation of tire behavior, 

suspension characteristics, and weight transfer dynamics. By effectively 

capturing these elements, the model can provide insights that align more 

closely with real-world vehicle performance, thereby enhancing the 

reliability of the simulation results. 

 Implications of the Comparison: 

 The findings from this comparison underscore the importance of utilizing 

advanced modeling techniques, such as the 7DOF approach, for 

detailed analysis of vehicle dynamics. While simpler models like the BPS 

can be useful for preliminary assessments, they may not adequately 
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address scenarios that require a deeper understanding of transient 

behaviors and complex interactions between vehicle components. 

 The enhanced prediction accuracy of the 7DOF model not only improves 

the reliability of simulation results but also serves as a valuable tool for 

engineers and researchers aiming to optimize vehicle performance. This 

capability is particularly beneficial in motorsport applications, where 

precise handling characteristics are critical for achieving competitive 

success. 

 Future Directions for Model Comparison: 

 To further validate the findings, it would be beneficial to conduct 

additional comparisons with other simulation models and real-world 

data. This could include evaluating the performance of different 

advanced simulation tools that employ various methodologies or focus 

on specific aspects of vehicle dynamics. 

 Integrating experimental data from vehicle testing into the comparison 

framework will provide a more comprehensive understanding of how 

different models perform under real-world conditions. This holistic 

approach will enhance the credibility of the findings and contribute to the 

ongoing development of more accurate and reliable vehicle dynamics 

models. 
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Conclusion 

This report successfully developed a comprehensive 7 Degrees of Freedom (7DOF) 

vehicle dynamics model for a Formula Ford race car using Simulink, providing valuable 

insights into the vehicle's transient response under various driving conditions. Key 

findings indicate that the vehicle exhibited stable and predictable behavior during all 

simulated maneuvers, which is crucial for driver confidence and competitive 

performance. The sensitivity analysis highlighted the importance of tuning critical 

parameters, such as tyre stiffness and suspension damping, for optimal performance, 

demonstrating that even minor adjustments can significantly impact vehicle dynamics. 

Furthermore, the model's validation against theoretical predictions confirmed its 

reliability, with discrepancies remaining within acceptable limits, thereby enhancing the 

model's credibility for further analysis and optimization. Overall, the insights gained 

from this study lay the groundwork for future research in vehicle dynamics modeling, 

emphasizing the need for detailed analysis to achieve competitive success in 

motorsport and paving the way for innovations in vehicle performance optimization. 

 


