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1.0. [bookmark: _Toc90238224]Introduction

The purpose of this project is to investigate the transient behaviour of a vehicle through simulation and validation. The Formula Ford race car completed a series of dynamic manoeuvres on the simulator from which validation data was recovered and recorded. Simulink has been used to develop models that replicate the necessary steps in order to complete this investigation with highlights into roll and heave specifically to replicate the dynamic manoeuvres.

The Simulink models have been constructed in a manner that describes a single degree of freedom, which investigates the relationship of a mass atop a spring and damper. A two degree of freedom model can be completed in many ways that could either depict a quarter car model, which simulates an unsprung mass and sprung mass with a spring and damper for the vehicles suspension and tyre coefficients, alternatively a two degree of freedom model could depict a pitch and heave model on the side of a vehicle investigating the relationship of the front and rear of the vehicle. The quarter car model can be used to create a four degree of freedom model that describes the side of a vehicle with two unsprung masses and a single sprung mass describing the relationship of pitch and heave as well as the unsprung mass relationship to the sprung mass. Further development of this model can yield a seven degree of freedom model, this has been developed to model the four corners of a vehicle with unsprung masses as well as simulating pitch, heave, and roll as the vehicle completes dynamic manoeuvres. 








[bookmark: _Toc90238225]2.0. 	Research
[bookmark: _Toc90238226]2.1. 	MATLAB

MATLAB is a software tool that has been developed by use in the STEM industry for complex calculations and projects, literally translating to matrix laboratory. When single cell variables are created they are created as a one row, one column matrix. The software has a vast library of mathematical and scientific functions that are easily accessible and the support that is available includes a library of help pages on how to use the functions as well as an extensive tutorial program available through mathworks. MATLAB also has a powerful graphing function that easily allows the user to manipulate plots, change colours, edit legends, and plotting methods through a reasonably simple language. (York University, 2021)

[bookmark: _Toc90238227]2.2. 	Simulink

Simulink is essentially a building block approach to solving complex equations and systems. It uses a system of blocks that perform different tasks, for example constant blocks input a constant, gain blocks multiply the value of an incoming line by the assigned value, and sum blocks are used to connect multiple incoming lines either adding them or subtracting with the assigned function. The blocks can be assigned as an integer or as a variable, by assigning them as a variable means that a MATLAB script can be developed that will populate the workspace with the defined variables meaning that variables can be changed extremely easily. Similarly to MATLAB, Simulink has a powerful graphing engine that allows for easy manipulation of data, by selecting view points on specific lines the data logger can be used to see the series of data that has been produced.








[bookmark: _Toc90238228]3.0. 	Vehicle Data

The vehicle that has been selected for this investigation is a Formula Ford racing car that has completed a series of dynamic manoeuvres, which consist of a lane change and a slalom simulation. The element that has been selected for this project is the slalom section of the series of runs.

The vehicle completed three runs of the stage with differing spring rates. The values in the table immediately below describe the initial vehicle setup that was used to test the simulation, once the models were working proficiently the lower table indicates the setup changes that were made for the simulator runs.

[bookmark: _Toc90238296]Table 1 - Formula Ford default variables
	Parameter
	Abbreviation
	Unit
	Value

	Vehicle mass
	MT
	Kg
	512

	Front corner unsprung mass
	MF
	Kg
	22

	Rear corner unsprung mass
	MR
	Kg
	22

	Vehicle sprung mass
	MS
	Kg
	426

	Centre of gravity height
	CoG
	m
	0.277

	Weight split F:R
	
	%
	45:55

	Wheelbase
	WB
	m
	2.443

	Front track
	TF
	m
	1.62

	Rear track
	TR
	m
	1.57

	Front tyre rolling radius
	RRF
	m
	0.2667

	Rear tyre rolling radius
	RRR
	m
	0.2794

	Front motion ratio
	MRF
	
	1

	Rear motion ratio
	MRR
	
	1

	Front default spring rate
	KF
	N/mm
	18

	Rear default spring rate
	KR
	N/mm
	16

	Front roll centre height
	HF
	mm
	0.9

	Rear roll centre height
	HR
	mm
	59

	Front slow bump
	CFSB
	N/m/s
	1660

	Front fast bump
	CFFB
	N/m/s
	511

	Front slow rebound
	CFSR
	N/m/s
	1915

	Front fast rebound
	CFFR
	N/m/s
	511

	Rear slow bump
	CRSB
	N/m/s
	1477

	Rear fast bump
	CRFB
	N/m/s
	537

	Rear slow rebound
	CRSR
	N/m/s
	1612

	Rear fast rebound
	CRFR
	N/m/s
	537





[bookmark: _Toc90238297]Table 2 - Spring rate variables for the investigation
	Parameter
	Abbreviation
	Unit
	Setup 1
	Setup 2
	Setup 3

	Front spring rate
	KF
	N/mm
	14
	18
	23

	Rear spring rate
	KR
	N/mm
	20
	16
	12



In order to decide which damping force should be applied to the model the terminology needs to be understood, “bump” refers to the upward movement of the suspension caused by the road surface, and “rebound” refers to how much resistance is applied to the spring to slow the rate of oscillation. These terms are further broken down into fast and slow variables, these refer to the rate of the input, a fast response responds to a rapid motion caused by undulations in the road or track surface whereas a slow response will be more effective against smaller inputs such as driver input such as steering, braking, and throttle response (6speedonline, 2021). As the dynamic manoeuvres consist of dramatic changes of direction it has been decided that the fast damping rates will be used for the model, with further development of the model and understanding of the vehicle it would be possible to include fast and slow damping rates as these are dependent on the velocity of the mass which is monitored continuously throughout the investigation.

At this level some assumptions have been made such as the tyre spring rates and damping coefficients, online sources are conflicting in that some say that tyre damping is negligible, others state that the damping for is considerable. What is unified from online sources is that without concise tyre compound and pressure data this could vary dramatically due to, external factors such as track and air temperature, tyre degradation, tyre dimensions and many other factors. For this reason, it has been decided that a nominal value of 120N/m/s will be used for the tyre damping force and 180N/mm for the tyre spring rate, these will remain consistent throughout the investigation.





[bookmark: _Toc90238229]4.0. 	Calculations

The roll centre position is calculated from the suspension geometry, this is determined by tracing the suspension arms as seen in the figure below. As the upper arms intersect the centre of the opposite tyre this point is noted as the instant centre. From the instant centre the lines are traced back to the contact point of the original tyre, where these lines cross is the roll centre of the axle (Noble, 2021). 

[image: A picture containing text, sky
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[bookmark: _Toc90238244]Figure 1 - Roll centre determination (Noble, 2021)

The figure below depicts how to determine the roll centre of the vehicle at the centre of gravity. By drawing a line that intersects the roll centre of both axles, hf and hr, this determines the roll axis of which the vehicles sprung mass will roll about. The height of z is determined by the position of the centre of gravity along the wheelbase. The equation below also expresses how to calculate this figure with a worked example.

[image: A picture containing text, sky
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[bookmark: _Toc90238245]Figure 2 - Roll centre position
[bookmark: _Toc90238276]Equation 1 - z height equation




When we add this value to the height of the front roll centre height we get a value of 0.07m which determines the height of the roll axis at the centre of gravity point.

[bookmark: _Toc90238230]5.0. 	Simulated Data

The data recorded on the simulator from the three runs was imported into motec for analysis. The raw data can be quite confusing and misleading, for this reason a separate sheet was created to show the relevant output data that is needed for this project. Three groups were created that depict the latitudinal load and longitudinal load, the other channels show the tyre load for the front and the rear and are displayed in the figure below as an example covering the slalom analysis section.

[image: A screenshot of a computer

Description automatically generated with low confidence]
[bookmark: _Toc90238246]Figure 3 - Motec example data
This view makes for easy manipulation and analysis, from here the latitudinal and longitudinal loads are converted into meters per second as the native measurement is in newtons. Motec also allows for exporting data in multiple formats, it can be exported as a CSV file which is useful for Microsoft Excel and other programming languages although it is also able to export the data as a mat file which is the native language of MATLAB. The latitudinal and longitudinal was exported as mat files and loaded into the accompanying MATLAB script so that they could be applied to the model to replicate the roll and heave forces and analyse the similarities and differences.


[bookmark: _Toc90238231]6.0. 	SMD Modelling 
[bookmark: _Toc90238232]6.1. 	One Degree of Freedom

The figure below depicts a single degree of freedom model, this is the simplest model in terms of spring, mass, damper systems. A mass sits atop a spring and a damper, given its simplicity it serves as a fantastic tool when investigating the damping effect on the oscillation of a spring.

[image: One degree of freedom (1DOF) model of suspension including operator weight.  | Download Scientific Diagram]Ẍ Ẋ X

[bookmark: _Toc90238247]Figure 4 - One degree of freedom diagram (Marcotte, et al., 2010)

Although notation varies between engineers and application, where z is used in the above model commonly y is used for a road input and x is used for velocity, acceleration and position. The equations below express how each value is calculated as each component is reliant on the other.

The springs resultant force is coupled with the displacement of the mass:
[bookmark: _Toc90238277]Equation 2 - Spring acceleration force


With X representing the position of the mass, this can be differentiated to give the velocity of the mass, notated as , and forms part of the damping force equation below.
[bookmark: _Toc90238278]Equation 3 - Damping force equation


In order to calculate the acceleration of the mass this is calculated by differentiating X to the second order as seen below.
[bookmark: _Toc90238279]Equation 4 - Acceleration of mass equation

As the mass of a vehicle is propelled the spring and damper oppose the acceleration, creating an acceleration in the operating direction. The acceleration created by the spring and damper accelerates the mass in the inverse direction, which is expressed as Newton’s Second Law (Jazar, n.d.)
[bookmark: _Toc90238280]Equation 5 - Newton's Second Law


The full expression of a single degree of freedom model can be expressed as the two equations below with the notation and full derivation format.
[bookmark: _Toc90238281]Equation 6 - One degree of freedom linear equation


[bookmark: _Toc90238282]Equation 7 - One degree of freedom equation with derivations


this simple spring, mass, damper model can be expressed in Simulink where a road input can be applied. The figure below describes the system encountering a bump depicted as the green curve with the position of the mass plotted in blue and the velocity plotted in orange.
[image: Chart, line chart
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[bookmark: _Toc90238248]Figure 5 - One degree of freedom Simulink graph
With values inputted to satisfy the equation the mass was noted as 150kg, the spring rate as 5000NM, and the damping force as 500N/m/s, although these values are unrealistic the results are easy to see with the velocity of the mass increasing rapidly as the bump is encountered. The position of the mass does intersect the height of the bump as the spring compresses meaning the rate of acceleration isn’t as harsh as the velocity curve, as the damping force slows the oscillation of the spring the inverse of the reaction occurs as the vehicle clears the decent of the road input. The Simulink and road input have been placed in appendix 1.

[bookmark: _Toc90238233]6.2. 	Two Degrees of Freedom

The figure below shows a spring, mass, damper model with two degrees of freedom, in this orientation simulating a quarter car model with a sprung mass and unsprung mass. The unsprung mass is sandwiched between a set of springs and dampers and is comprised of components such as the tyre, wheel, hub assembly, and brake assembly. The unsprung mass is affected by the road input which translates forces through the tyre which has its own spring and damping rates and are represented by the lower spring and damper. Once the force is translated through the unsprung the force is then applied through the upper spring and damper which represent the actual suspension system of the vehicle which accelerates the sprung mass of the vehicle.
[image: Chart
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[bookmark: _Toc90238249]Figure 6 - Two degrees of freedom diagram (Tudor, 2020)

Following the derivation steps of the equation above, the dynamic equations for this quarter car model can be expressed as below with the subscript denoting whether the variable refers to the sprung (s) or unsprung (u) mass.
[bookmark: _Toc90238283]Equation 8 - Two degrees of freedom sprung mass equation


[bookmark: _Toc90238284]Equation 9 - Two degrees of freedom unsprung mass equation


Similarly as above the system was modelled in Simulink with the same road input, the model can be found in appendix 2. The variables have changed in this model to give a more realistic output that could be expected from a vehicle and are noted in the table below.
[bookmark: _Toc90238298]Table 3 - Two degree of freedom model variables
	Variable
	Value
	Unit

	Ms
	150
	Kg

	Ks
	1700
	Nm

	Cs
	5000
	N/m/s

	Mu
	20
	Kg

	Ku
	100000
	Nm

	Cu
	20
	N/m/s



When the expression is calculated using Simulink the graphs below are produced with the left figure showing the position of the masses, and the right showing the velocity of both masses with the road input plotted in pink on both plots.
[image: Chart, line chart
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[bookmark: _Toc90238250]Figure 7 - Two degrees of freedom Simulink position of masses graph (left)
[bookmark: _Toc90238251]Figure 8 - Two degrees of freedom Simulink velocity of masses graph (right)
It can be observed from these plots that the forces are reduced when applied to the sprung mass as the oscillations are reduced from what the unsprung mass experiences. Although both masses experience the same under damped oscillation curve the higher peaks can also be observed when looking at the velocity plot as the sprung mass experiences lower velocities.

[bookmark: _Toc90238234]6.3. 	Four Degrees of Freedom

A four degree of freedom model, also known as a half car model, incorporates two unsprung masses representing the front and rear unsprung masses of the vehicle with a common sprung mass representing the vehicles body. This model provides a deeper understanding and representation of the vehicles suspension system as it includes heave and pitch. Although the figure below uses a different notation the depiction is clear that any motion of the front unsprung mass will translate to a motion of the rear unsprung mass.

[image: A novel approach to energy harvesting from vehicle suspension system:  Half-vehicle model - ScienceDirect]
[bookmark: _Toc90238252]Figure 9 - Four degrees of freedom diagram (Wei & Taghavifar, 2016)
Heave is defined as the linear vertical movement of a vehicle along the Z axis; this movement is caused by bumps in the track, downforce, or lift which cause the car to translate upwards or downwards. The figure below depicts the various translational motions that effect a vehicle (Formula 1 Dictionary, 2021).

[image: Translational movement, Heave, Sway, Surge]
[bookmark: _Toc90238253]Figure 10 - Translational movements of a vehicle (Formula 1 Dictionary, 2021)
Pitch is defined as the rotational movement about the Y axis which intersects the vehicle at its centre of gravity. Pitch of a vehicle is experienced due to acceleration and deceleration. When the driver accelerates and the front of the vehicle rises, this is positive pitch, adversely when the driver brakes or decelerates and the front of the vehicle dives, this is negative pitch. This rotational movement is depicted in the figure below with the remaining rotational forces labelled (Formula 1 Dictionary, 2021).

[image: Rotational motions, Roll, Pitch, Yaw]
[bookmark: _Toc90238254]Figure 11 - Rotational movements of a vehicle (Formula 1 Dictionary, 2021)
The four degree of freedom model is calculated via four equations that are detailed below, firstly the equations for the two unsprung masses inputted and then the equations for heave and pitch are added.
[bookmark: _Toc90238285]Equation 10 - Four degrees of freedom front unsprung mass equation

[bookmark: _Toc90238286]Equation 11 - Four degrees of freedom rear unsprung mass equation


[bookmark: _Toc90238287]Equation 12 - Four degrees of freedom heave equation
 – a θ) +) +  – a ) ++ b )
[bookmark: _Toc90238288]Equation 13 - Four degrees of freedom pitch equation
 -- b )  + a )

As before this is model has been constructed in Simulink to show the progression of the system, the variables are listed in appendix 3 along with the Simulink construction of the model. The graphs below depict  the sprung mass position in relation to the unsprung masses and the pitch of the system.
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[bookmark: _Toc90238255]Figure 12 - Four degrees of freedom mass position graph (left)
[bookmark: _Toc90238256]Figure 13 - Four degree of freedom pitch graph (right)
In this example the blue front unsprung mass curve appears to be close to critically damped, whereas the green rear unsprung mass curve is slightly under damped, and the sprung mass is underdamped. It is clear from this figure that the equations are coupled as when the front unsprung mass is forced upwards there is a small squat in the position of the rear unsprung mass. This coupling of equations is also evident in the pitch plot as the pitch is constantly changing with the position of the sprung mass.

[bookmark: _Toc90238235]6.4. 	Seven Degrees of Freedom

The figure below depicts a seven degree of freedom model, it defines the relationship of heave (X), pitch (), and roll (). The system is comprised of seven equations, one for each of the unsprung masses and then one for each of the dynamic movements. Whilst “a” and “b” are used to denote the wheelbase split at the centre of gravity, alpha () and beta () are used to denote the left and right side of the vehicle respectively split across the track of the vehicle by the roll centre position.
[image: Sliding Mode Control for Vibration Comfort Improvement of a 7-DOF Nonlinear Active Vehicle Suspension Model]
[bookmark: _Toc90238257]Figure 14 - Seven degree of freedom diagram (Yang, et al., 2019)
Roll of a vehicle is defined by a rotational movement about the X axis of a vehicle or roll centre position. This exact axis is defined as the roll axis and rotates about the plane between the roll centre of the front track and rear track. Roll of a vehicle is caused by lateral forces experienced during cornering or dynamic manoeuvres such as a lane change. To combat this motion components such as antiroll bars can be fitted to translate energy to the opposite side of the vehicle thus reducing the total force (Formula 1 Dictionary, 2021).

The equations below express the calculation of the seven degree of freedom model.
[bookmark: _Toc90238289]Equation 14 - Seven degrees of freedom front left unsprung mass equation

[bookmark: _Toc90238290]Equation 15 - Seven degrees of freedom front right unsprung mass equation

[bookmark: _Toc90238291]Equation 16 - Seven degrees of freedom rear left unsprung mass equation

[bookmark: _Toc90238292]Equation 17 - Seven degrees of freedom rear left unsprung mass equation


[bookmark: _Toc90238293]Equation 18 - Seven degrees of freedom heave equation


[bookmark: _Toc90238294]Equation 19 - Seven degrees of freedom pitch equation


[bookmark: _Toc90238295]Equation 20 - Seven degrees of freedom roll equation


Owing to Simulink’s simplicity in building complex models, it was decided that the results would be clearer to read than if a script was written using MATLAB. Although MATLAB wasn’t used to perform the complex calculations of the seven degree of freedom model, an accompanying script was created to assign all of the variables which can be found in appendix 4. A further point for using Simulink to model this complex structure is that it is able to create subsystems this allows for a cleaner layout of the dynamic equations above.

The figure below depicts the equation for the front left unsprung mass, this equation has been constructed within a Simulink subsystem and is almost identical to the other unsprung mass equation subsystems with only the variables changing. The remaining unsprung mass subsystems can be found along with other figures of the seven degree of freedom mode in appendix 4.
[image: Diagram
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[bookmark: _Toc90238258]Figure 15 - Seven degree of freedom front left unsprung mass subsystem
The figures below show the subsystems derived from the dynamic equations for heave pitch and roll. Within the subsystems for roll and pitch there is a further signal builder, these signal input blocks apply the latitudinal and longitudinal force that has been imported from the simulated motec data.
[image: Diagram
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[bookmark: _Toc90238259]Figure 16 - Seven degree of freedom heave subsystem
[image: Diagram
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[bookmark: _Toc90238260]Figure 17 - Seven degree of freedom pitch subsystem
[image: Diagram
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[bookmark: _Toc90238261]Figure 18 - Seven degree of freedom roll subsystem















[bookmark: _Toc90238236]7.0. 	Analysis

With the data imported from motec the data applied to the Simulink model it is possible to apply different setups to the spring coefficients at the front and rear of the vehicle and investigate how these set up changes affect the roll and heave of the sprung mass. With a higher spring rate the expected results would be that less roll and heave would be experienced, whilst a lower spring rate would increase the roll and heave experienced.

As set out in the project brief three suspension set ups are required for analysis with the first set up offering a significantly lower spring rate on the front with an increased rear spring rate, from this results are expected to show an under damped trend with more roll and heave with higher load transfer experienced at the rear of the vehicle. If the second set up is considered to be the median with a higher spring rate than set up one but with the rear spring rate only slightly lower, this set up is expected to give similar results to those shown in the simulator data. The final set up features a very high front spring rate coupled with a very low rear spring rate, this set up is expected to yield over damped results with a higher rate of load transfer at the front with a lower load transfer observed at the rear of the vehicle.

The figure below shows the isolated latitudinal and longitudinal data collected from the simulator, the figure below the recorded data shows the roll data collected from the three set ups showing the outputs from the roll position.

[image: A screenshot of a computer
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[bookmark: _Toc90238262]Figure 19 - Simulator motec latitudinal and longitudinal data
[image: Chart, line chart
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[bookmark: _Toc90238263]Figure 20 - Seven degree of freedom Simulink roll data
Although it is hard to make out in the figure, when the curves peak and trough there is a clear separation of the various set ups. Set up one is depicted by the blue curve, as expected the curve produced indicates a higher roll rate due to the lower spring rate on the front of the vehicle. The green curve depicting the median set up peaks slightly lower than the first set up due to the increased spring rate although peaks higher than the third set up depicted by the red curve featuring the highest front spring rate. As all of the set ups provide slightly different data as predicted they all show similar traits to the simulator data shown in the above figure.
[image: Chart, line chart
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[bookmark: _Toc90238264]Figure 21 - Seven degree of freedom Simulink heave data
When analysing the effect of spring rate on heave during the dynamic manoeuvre the results are easier to read, due to the separation, although highlight conflicting data to that seen in the above figure when analysing the roll data. Using the same colours to define each setup, the blue curve shows an increased heave experience under the sharp deceleration event at the end of the run due to the lower front spring rate. Interestingly, although the third set up has the highest spring rate it is coupled with a weaker spring at the rear of the vehicle meaning that set up two with the closer spring rate pairing performs best with the lowest heave experienced.
[image: Chart
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[bookmark: _Toc90238265]Figure 22 - Seven degree of freedom Simulink unsprung mass positions
The figure above shows curves for the unsprung masses on the left side of the vehicle, using the same coloured curves as before to denote the various set ups the front curves are plotted in a darker colour than the rear unsprung mass curves. The figure below shows a closer look at one of the peaks experienced during the slalom dynamic manoeuvre. as expected the blue curves of set up one which has the softest front spring rate and stiffest rear spring rate shows the highest front peak roll value with the rear peaking slightly higher than set up three which has the softest rear spring rate. Both green curves show an almost identical trace with no deviation front to rear this shows the deflection is almost identical this could be due to the weight split of the vehicle with a bias towards the rear, owing to a more neutral set up this could lead to a better handling vehicle that may be less likely to oversteer or understeer.

[image: Chart, line chart

Description automatically generated]
[bookmark: _Toc90238266]Figure 23 - Close view of unsprung mass positions
[bookmark: _Toc90238237]8.0. 	Conclusion

The simulation progressing from a single degree of freedom model to a seven degree of freedom model provides a comprehensive platform to analyse the transient response of a vehicles suspension system when experiencing a dynamic manoeuvre such as a slalom. The simplicity of Simulink means that creating complex models and systems becomes much easier than writing a MATLAB script to solve the equations. The graph output capability and versatility within Simulink means that creating graphs is very simple as a visual signal can be applied to any connecting line within the model and these can be toggled on and off within the data logger viewing window.

The analysis of the Formula Ford race car suspension set ups has proven to show how various spring rate changes to the front and rear of a vehicle can affect the amount of roll observed at the sprung mass and deflection experienced at the unsprung masses. From the graphs observations show that the second set up with the closer spring rates front to rear show the best balance across the vehicle when analysing heave, roll and displacement. This balance could offer the best dynamic set up for the vehicle due to the consistency of the curves. What is interesting about the curves is that they show almost identical traces throughout the investigation it is worth noting that the spring rates and damping coefficients are different front to back, this could mean that the rear weight bias of the vehicle overcomes this difference to produce the identical curves.

With further development this model has the potential to accurately plot dynamic vehicle suspension models to an even greater degree if the fast and slow damping rates were incorporated. This addition would be achieved through the use of “if” blocks to differentiate between what is considered a fast and slow bump and rebound zone.  
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[bookmark: _Toc90238267]Figure 24 - One degree of freedom Simulink model
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[bookmark: _Toc90238268]Figure 25 - One degree of freedom Simulink model road input
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[bookmark: _Toc90238269]Figure 26 - Two degrees of freedom Simulink model
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[bookmark: _Toc90238299]Table 4 - Four degrees of freedom variables
	Variable
	Value 
	Unit

	M
	180
	Kg

	MUF
	20
	Kg

	MUR
	25
	Kg

	KF
	5000
	N/m

	KTF
	100000
	N/m

	KR
	5500
	N/m

	KTR
	100000
	N/m

	CF
	4000
	N/m/s

	CTF
	6750
	N/m/s

	CR
	4000
	N/m/s

	CTR
	7000
	N/m/s

	I
	30
	

	A
	1.4
	m

	B
	0.7
	m
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[bookmark: _Toc90238270]Figure 27 - Four degree of freedom Simulink model
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[bookmark: _Toc90238300]Table 5 - Seven degree of freedom Simulink model variables
	Variable 
	Value 
	Unit 

	M
	426
	Kg

	MF1
	22
	Kg

	MF2
	22
	Kg

	MR1
	22
	Kg

	MR2
	22
	Kg

	KF1
	18
	N/mm

	KF2
	18
	N/mm

	KR1
	16
	N/mm

	KR2
	16
	N/mm

	CF1
	1915
	N/m/s

	CF2
	1915
	N/m/s

	CR1
	1612
	N/m/s

	CR2
	1612
	N/m/s

	KTF1
	180
	N/mm

	KTF2
	180
	N/mm

	KTR1
	160
	N/mm

	KTR2
	160
	N/mm

	CTF1
	120
	N/m/s

	CTF2
	120
	N/m/s

	CTR1
	120
	N/m/s

	CTR2
	120
	N/m/s

	IPITCH
	730
	

	IROLL
	1400
	

	A
	1.099
	M

	B
	1.344
	M

	
	0.8
	M

	
	0.8
	M



[image: Diagram, schematic

Description automatically generated]
[bookmark: _Toc90238271]Figure 28 - Seven degree of freedom model system
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[bookmark: _Toc90238272]Figure 29 - seven degree of freedom simulation road surface
The road surface for the seven degree of freedom model was set to zero along the Y axis during the final investigation as to not impose a false reading when analysing the lateral forces along the roll axis.
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[bookmark: _Toc90238273]Figure 30 - Seven degree of freedom front right unsprung mass subsystem
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[bookmark: _Toc90238274]Figure 31 - Seven degree of freedom rear left unsprung mass subsystem
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[bookmark: _Toc90238275]Figure 32 - Seven degree of freedom rear right unsprung mass subsystem
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