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[bookmark: _Toc190027135]Introduction
The transient response of a vehicle is one of the important keys to understanding and improving its dynamic behaviour under different driving conditions. In motorsport applications, it is essential to model and simulate the transient responses of a vehicle with accuracy to optimise performance and handling. This report presents the development and analysis of vehicle dynamics models with a different number of DOF for their effectiveness in predicting transient behaviour. First, a basic 4-DOF model is introduced: it describes the basic elements of longitudinal, lateral, yaw, and roll motions. Then, it goes on with an advanced 7-DOF model considering individual wheel dynamics and vertical tyre loads to accurately capture the fine details of the car's response.
Simulink is used for modelling and simulating both models, with a special focus on such cases as slalom tests and lane-change manoeuvres. The models are validated with real data acquired from the driving simulator in order to prove accuracy and validity. Key performance indicators reviewed include damper velocities, roll angles, and tyre loads, further to model strengths and weaknesses. This paper will try to focus on how practical multi-DOF models are for motorsport dynamics and show what other directions might be pursued.
[bookmark: _Toc190027136]
Task 1: Model Development
The 4 DOF vehicle dynamics model is a simplified approach that analyses the motion of a vehicle by considering the four most important parameters: longitudinal, lateral motions, yaw rotation, and finally, roll rotations. Longitudinal motion may refer to forward and backward movement, while lateral motion describes side-to-side motions. Yaw rotation is the rotation around the vehicle’s vertical axis, representing how the vehicle turns or changes direction, whereas roll rotation is the rotation around the longitudinal axis, illustrating how the vehicle’s weight shifts during cornering. Each degree of freedom highlights a different aspect of the vehicle’s dynamic response during various manoeuvres. Longitudinal motion reflects the acceleration and braking of the vehicle, whereas lateral motion is indicative of cornering. Yaw rotation will provide insight into the turning behaviour of the vehicle (Pacejka,2005) and roll rotation can illustrate the effects of weight transfer on the stability of the vehicle and driver comfort. Equations of these respective degrees of freedom help describe the dynamic behaviour of the vehicle, and one example is vertical displacement or heave.




The transition from a 4 DOF model to a 7 DOF introduces more complexity since many more equations and parameters will be involved (Gillespie,1992). The 7 DOF model gives a far better representation of vehicle dynamics, particularly given the possibility of simultaneous modelling of roll and pitch motions not possible in the 4 DOF model since these motions are treated individually. Another important advantage of the 7 DOF is that, through its own vertical degree of freedom, each tyre load can be modelled independently. That serves for better wheel response under variations in tyre stiffness, individual road inputs, and damper effects. The counterpart in the 4 DOF model aggregates these elements into one unsprung mass representation. Hence, the 7 DOF model naturally becomes more complex, entailing even more equations, more variables, and more interactions to accurately model the vehicle's behaviour.

The Equations for the 7 DOF Model can be seen below:
Vertical motion of front sprung mass


Vertical motion of rear sprung mass




Roll Moment of Inertia

Pitch Moment of Inertia

A 7 DOF model, compared to a 4 DOF model allows a more detailed analysis of a cars dynamics (Mitschke, M. and Wallentowitz, H., 2014). It gives a wider understanding of the behaviour that the vehicle will undertake during different manoeuvrers and provides insight into how performance is affected under different dynamic conditions. A very important merit of the 7 DOF model is that it allows real time analysis of how weight is distributed on all four wheels, which may be useful in assessing and improving control systems. However, with more equations and parameter, there is a greater complexity. More detailed input must be used for accurate simulations, and numerical errors are more likely to occur due to added interactions and variables. Also, the 7 DOF model requires much more computational time compared to 4 DOF model. Therefore, Parameter accuracy and model validation are of importance. Table 1 below summarises some of the major differences between the two models.
Table 1: DOF Differences
	Model
	4 DOF
	7 DOF

	Degrees Of Freedom
	3 for chassis + 1 unsprung mass
	3 for chassis + 4 individual wheel dynamics 

	Model Complexity
	Lower Complexity and faster simulations
	More complex and detailed but longer simulation time

	Detail
	Good for basic function
	More detail can capture wheel and tyre behaviour

	Applications
	Basic ride analysis 
	Detailed handling analysis and performance improvement 





Figure 1 below illustrates a section of the 7 Degree of Freedom (DOF) model developed in Simulink. This section demonstrates how the equations are integrated to calculate roll motion, with the damper and spring forces feeding into the parameters 𝛼 and β, which represent the half-track width. In this case, the model assumes the vehicle is perfectly symmetrical; however, the same approach can be adapted for vehicles that are not symmetrical. To enhance efficiency during simulation runs, a switch is implemented within the model to allow selection between two predefined test scenarios—either the slalom test or the lane-change manoeuvre.
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[bookmark: _Toc190027116]Figure 1: Simulink 7 DOF Roll Section


[bookmark: _Toc190027137]Task 2: Simulation Scenarios 






The performance of the model was evaluated and compared in two simulation scenarios: a slalom test and a lane-change manoeuvre. Both tests were executed at controlled speed with the pit limiter on in order to maintain consistency throughout the different simulation runs. These two tests were chosen because they represent how the vehicle responds to high-speed directional changes with different suspension setups. Since, according to the adopted setup configuration shown in Table 2 for all tests taken from the same vehicle, therefore observation of behaviours could be monitored from which one may visualize or further analyse such resultant data that it would compare the Simulink model along with the good results obtained with a driving simulator so as to study the reliability and accuracy within this 7 DOF model.
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	Setup
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18

	Setup Changes
	Default (No ARB)
	Semi Stiff
	Stiff
	Semi Soft
	Soft
	Front Stiff, Rear Soft
	Front Soft, Rear Stiff
	Fast Bump Lower
	Fast Bump Higher
	Slow Bump Lower
	Slow Bump Higher
	Fast Rebound
Lower
	Fast Rebound Higher
	Slow Rebound Lower
	Fast Rebound Higher
	Default (With ARB Both)
	Default (ARB Front)
	Default (With ARB Rear)


Table 2: Set Up Scenarios
	Setup number
	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)
	Detached
	Detached
	Detached
	Detached
	Detached
	Detached
	Detached
	Detached
	Detached
	Detached
	Detached
	Detached
	Detached
	Detached
	Detached
	8
	8
	Detached

	ARB rear (N/mm)
	Detached
	Detached
	Detached
	Detached
	Detached
	Detached
	Detached
	Detached
	Detached
	Detached
	Detached
	Detached
	Detached
	Detached
	Detached
	8
	Detached
	8



[bookmark: _Toc190027138]Task 3: Analysis And Interpretation
Data was analysed from two sets: one extracted from the driving simulator using MoTeC, and another generated from the Simulink 7 DOF model with the same input parameters. Initial comparison was conducted using data from the first test run; this indeed was used as a baseline since it has a standard vehicle setup. This baseline served as a benchmark against which the response of the vehicle could be checked for the controlled conditions. The most important parameters that were studied in this exercise included damper velocities, roll angle, and tire loads; pitch was also studied to ensure that no abnormalities existed in the simulation.
Figure 2 depicts the damper velocities at all four corners of the vehicle as obtained from the Simulink model. Figure 3 presents the same data from the driving simulator. Data is from a slalom test performed at a speed of 78.78 km/h. A comparison shows that up to about the 800-sample interval, both data sets have comparable damper velocity profiles, after which the simulator data deviates due to an inability to stop the test in time.
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[bookmark: _Toc190027117]Figure 2: Damper Velocities 7 DOF Session 1
[image: A screenshot of a graph
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[bookmark: _Toc190027118]Figure 3: Damper Velocities Simulator Session 1
Another important parameter of comparison is the roll angle. The roll angle provides insight into the response of the vehicle during cornering, since it directly influences tire contact with the ground and hence the overall performance of the vehicle. Excessive roll reduces tire grip and stability, while a reduced roll angle improves driver confidence and control, especially in high-performance driving conditions. Knowledge of the roll behaviour is essential for assessing the vehicle's handling properties with regard to an optimum compromise between performance and comfort.
[image: A graph with blue lines
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[bookmark: _Toc190027119]Figure 4: Roll Angle Simulator

In Figure 4, the slalom section can be seen from the start up to about the 100th index. Due to operator error, the simulation on the driving simulator was not stopped in time. However, in the relevant section, it appears that the roll angle is higher in the simulator data. This is because the roll angle is in radians, while the data from the Simulink model was converted to degrees for easier interpretation. Despite the difference in units, the general profiles of the roll angle remain similar. Figure 5 shows how the vehicle responds as it goes through the cones in the slalom, showing consistent roll behaviour between the two data sets
.[image: A graph of a graph
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[bookmark: _Toc190027120]Figure 5: Roll Angle 7 DOF Session 1
Session 3 and Session 5 data will be used to understand how changes in setup affect the response of the vehicle. In Session 3, the spring stiffness was increased to see the effect that a stiffer setup would have on the behaviour of the vehicle, while during Session 5, the spring stiffness was decreased to observe the response under softer suspension configuration
[image: A graph of a graph
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[bookmark: _Toc190027121]Figure 6: Roll Angle Simulator Session 3
Figure 6: Roll angle vs. time for the vehicle in Session 3. The data recorded from the simulator during the slalom test show that the roll angle is higher by 0.005 radians than the set-up baseline, which goes against the expected improvement of reduced roll with a stiffer suspension setup. This can be due to differences in driver inputs. Contrarily, the results of Session 5 show a large increase in roll over the default and stiffened configurations. The angle of roll in Session 5 surpasses the baseline by more than 0.03 radians or about 1.7 degrees, as seen in Figure 7.
[image: A graph on a screen
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[bookmark: _Toc190027122]Figure 7: Roll Angle Simulator Session 5


Figures 8 and 9 below present the roll angle from the Simulink model during the slalom test. The following graphs represent how the vehicle would behave in real life while performing this slalom movement. Comparing this to the simulator data, it is obvious that the Simulink model underestimates the roll angle for the stiffened setup in Session 3. Session 5, on the other hand, sees the simulated roll angle for the Simulink model agree with the simulator data very well, almost identically. This finally proves that the Simulink model does indeed portray a correct rolling response of the vehicle with the softer suspension configuration.
[image: A graph with blue lines
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[bookmark: _Toc190027123]Figure 8: Roll Angle 7 DOF Session 3
[image: A graph of a graph
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[bookmark: _Toc190027124]Figure 9: Roll Angle 7 DOF Session 5


Another relevant variable, for Sessions 3 and 5, would be the damper velocity, which will show how the dampers react concerning the variation of the car movement. Figure 10: Results extracted from the damper velocity recorded at the driving simulator. Fig. 11 Comparative data from Simulink itself. A comparison between the two graphs shows that the damper velocities are similar, if not identical, proving that the damper behaviour in the simulator is correctly realized with the created Simulink model.
[image: A graph of a variety of blue lines
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[bookmark: _Toc190027125]Figure 10: Damper Velocities Simulator Session 3

[image: A graph of a graph
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[bookmark: _Toc190027126]Figure 11: Damper Velocities 7 DOF Session 3
This observation changes when analysing the graphs for Session 5. Figure 12, which gives the damper velocities from the simulator run, reflects again the behaviour that was expected during the slalom test.
 [image: A graph of a graph of a graph
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[bookmark: _Toc190027127]Figure 12: Damper Velocities Simulator Session 5
However, in the case of the damper velocities from the Simulink model in Figure 13, the data is a straight line when viewed without zooming, but it's a lot of closely packed spikes. Thus, this set of data can be considered abnormal and wrong as it does not agree with expectations. A variety of reasons can be attributed to this. One possibility is that the very soft suspension setting has caused the car to bottom out, hence creating excessive bouncing with corresponding spikes in the damper velocities. Another possibility is a case of numerical instability. The soft suspension has reduced the natural frequency of the system, possibly beyond the ability of the solver to accurately capture if the simulation time step is too large.
[image: A group of blue and white bars
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[bookmark: _Toc190027128]Figure 13: Damper Velocities 7 DOF Session 5


Other verification of the accuracy of the Simulink 7 DOF model included a run of a standard default setup but this time with the addition of an anti-roll bar to see how it would affect the results. Figure 14: Roll angle from simulator - Session 16 Figure 14 shows the roll angle from the simulator for Session 16. Compared to the baseline roll data from Session 1, it is evident that the anti-roll bar has very little effect in reducing the roll angle. In contrast, the roll angle data from the Simulink model in Figure 15 significantly overestimates the roll compared to the simulator graph. Also, the roll angle of the Simulink model in Session 16 is higher than the baseline data from Session 1 before the anti-roll bar was introduced.
[image: A graph with blue lines

AI-generated content may be incorrect.]
[bookmark: _Toc190027129]Figure 14: Roll Angle Simulator Session 16
[image: A graph of a wave
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[bookmark: _Toc190027130]Figure 15: Roll Angle 7 DOF Session 16
The Damper velocities didn’t vary from the original run from session 1 meaning that there wasn’t much change in the aspect of the dampers when doing the slalom as seen in Figure 17 indication that the roll bars don’t seem to be creating too much change through the data even for the Simulink data which can be seen in Figure 18. There could be many reasons for this with one being that the car is already stiff and therefore the anti-roll bar through the test don’t make much change to it through the simple run that it was put through. 
[image: A screenshot of a graph
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[bookmark: _Toc190027131]Figure 16: Damper Velocities Simulator Session 16
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[bookmark: _Toc190027132]Figure 17: Damper Velocity 7 DOF Session 16


[bookmark: _Toc190027139]Task 4: Validation
These results show some significant deviations of the simulator data from 7 DOF model test data. Future model enhancement to better predict the dynamics can be done using a 10 DOF model. A 10 DOF model provides a 6 DOF rigid full-body chassis plus 4 additional DOF for the independent wheel dynamics; this is, of course, a much finer resolution of handling behaviour and also provides a better simulation of realistic vehicle response.
Although both a slalom test and a lane-change manoeuvre were conducted, only the lane-change scenario is discussed herein because the Simulink model was unable to produce meaningful data for the lane-change test. This is most likely due to input parameters not being long enough or severe enough in magnitude to develop significant dynamic changes.
Overall, it is agreed that the Simulink 7 DOF model represents a useful tool to generate data and carry out preliminary analyses. However, its accuracy is not higher than that of the driving simulator because the simulator has higher complexity and fidelity. As already discussed, a 10 DOF model considering additional variables and freedom of movement would close the gap to higher accuracy of the model.

[bookmark: _Toc190027140]Conclusion
Comparing these results from Simulink of the 7-DOF model and test data from driving simulators is instructive as regards the strengths and limitations of modelling transient vehicle responses. In most ways, 7-DOF models contain much more representational capability with respect to modelling dynamic behaviour than the 4-DOF models for characterising the responses of each independent wheel and individual changes in loading. However, the numerical results of the simulation showed some discrepancies. The maximum deviation was found in scenarios involving soft suspension settings and anti-roll bars. Numerical instability and also limitations in time-step in Simulink may be some reasons for such deviations. A better model will be a 10-DOF model (MDPI,2023) considering more DOF to represent the real chassis and wheel dynamics more realistically. The 7-DOF model, even with all its limitations, is still quite useful in preliminary performance analysis and suspension tuning. The process of validation itself suggests that much work is still required to refine model parameters and simulation conditions to make the results closer to reality. In the near future, the integration of higher-fidelity models and advanced validation techniques will enhance the predictive capability of transient vehicle response models in motorsport applications.
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