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Abstract – This report aims to analyse the effect of spring and damper setup, through multiple scenarios, on vehicle handling performance. The process of this involved the testing and simulation of a sports car model in VI-Grade, and assessing the results of acceleration, braking and performance lap tests on both front and rear tyre loads, analysing from there the possible effects on driveability and feeling of the handling of the vehicle. From there a half-car model of the same sports car was built using Simulink. The model was validated using an acceleration test, so then could be used to assess the effect of road surface imperfections on the handling of the vehicle. The results of the VI-Grade tests on proved the expected outcome correct, that a lower damper coefficient of 0.7 is ideal for a compromise between stability and performance in acceleration, braking and performance lap tests. Spring rates were concluded, as expected, to be better performing under acceleration when the rear was stiffer, and under braking when the front was stiffer. The lap times around the Pembrey test track were comparable for all setups, with the stiffest setup providing a slight edge over the others. 
1.  Introduction
Vehicle suspension is classified as the interconnections of fixed inflexible bodies with kinematic joints as well as compliance elements; This includes bushings, springs, and stabilisers [1]. The optimisation of both the dampers and springs play a crucial role on vehicle handling on conditions such as road texture (e.g. potholes and speed bumps), acceleration and braking, all of which can affect performance over a lap of a circuit. 

Various studies show that optimising both damper and spring set-ups critically determines vehicle handling. For example, research from Albinsson and Routledge (2013) [2] suggested that decreasing the damping without the consideration for optimisation between the front and rear damping does not always enhance ride comfort. However, increased compression dampening resulted in a decreased steering response, while stiffening the front rebound damping refined the handling response. Even though reduced oscillations improved lap-time and lap consistency. This shows that optimisation of dampers and springs are crucial for vehicle handling performance. In this paper, various scenarios are simulated to provide raw data of the effects of each environmental condition to each component. 

The spring stiffness also influences vehicle handling performance. Typically the stiffer springs can provide 
1.1 VI-Grade Testing Methodology
The initial phase of testing was conducted using VI-Grade, specifically its vehicle simulation focused offshoot VI-CarRealTime (VI-CRT). VI-CRT allows the user to build models and testing scenarios that it will then simulate, using user-provided data for each calculation. VI-CRT also offers several default models, one of which, entitled “Sports Car” was used as the basis for this section of testing. It was used because of its known compatibility with VI-CRT, something which would have been harder and taken longer to achieve with a custom model built from scratch. Three test scenarios were picked from VI-CRT’s library of scenarios: Acceleration, Braking and Max-Performance; the latter pertaining to a lap simulation around a specified track at the theoretical limit of performance. These three provide suitable scenarios to test front and rear suspension setups, as well as an overall picture of how the setup has affected the performance around a circuit. The parameters from these default scenarios were modified to better reflect any changes that could occur with different setups. The parameters for the three tests are shown in Figure 1, Figure 2 and Figure 3.
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Figure 1 - Test parameters pertaining to the acceleration test.
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Figure 2 - Test parameters pertaining to the braking test.
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Figure 3 - Test parameters pertaining to a test lap around Pembrey circuit in South Wales
Once the test parameters had been decided upon, the next step was to decide upon the setups that would be tested. It was decided that to properly assess the effects of dampers and springs independently, only one would be changed from one test to the next. The first setups tested would alter damping coefficients to find an approximate optimum within the range of coefficients tested. For simplicity, three coefficients were selected: 0.7, 1.0, 1.3. 0.7 was selected because it is a very common damping coefficient for road vehicles. 1 was selected as the critically damped coefficient, and to represent the over-damped coefficients 1.3 was selected to keep the intervals between coefficients consistent.

The same methodology was used for deciding on the spring setups. The standard sports car model uses a front spring rate of 95,000 N/m and a rear of 105,000 N/m, so a similar approach of taking values an equal interval either side and designating them as either the soft or stiff spring setting. The soft setup was decided to be 45,000 and 50,000 N/m front and rear respectively, and the stiff setup was decided to be 150,000 and 160,000 N/m front and rear respectively. The schedule of the tests is depicted below in Figure 4. The same schedule was used for the acceleration, braking and Pembrey lap tests.
[image: image4.png]1 95000 105000 0.7 0.7
2 95000 105000 1 1

3 95000 105000 1.3 1.3
4 45000 50000 0.7 0.7
5 150000 160000 0.7 0.7
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Figure 4 - Table depicting the testing schedule for acceleration, braking and lap tests.
1.2 Simulink Testing Methodology
The methodology for the Simulink testing shares similarities with the methodology used for VI-CRT. The exact same setups as shown in Figure 4 were used. The test parameters are the primary difference. Instead of acceleration and braking, the low-speed compression and rebound were the desired test subjects. This was achieved by modelling a typical speed bump and pothole in Simulink, shown in Figure 5 and Figure 6.
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Figure 5 - A graph depicting the signal input required to model a pothole with a depth of 15cm.
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Figure 6 - A graph depicting the signal required to model a speed bump with a height of 5cm.
2. Results
After these tests had been run there was a lot of data to run through. The primary focus of this report is on tyre loads, so those values were lifted from the mass of data channels for analysis. The results of which can be seen below:

2.1 Acceleration Test Results
[image: image7.png]Mininum Front Wheel Load (N)

Minimum Rear Wheel Load (N)

Maximum Front Wheel Load (N)

Maximum Rear Wheel Load (N)

SportsCar Underdamped 1173.08 3035.53 2110.92 3218.03
SportsCar Critically Damped 1172.96 3035.57 2110.92 3217.78
SportsCar Overdamped 1172.79 3035.62 2110.92 3217.75

SportsCar Soft AllRound 1158.58 3035.06 2118.33 3230.19
SportsCar Hard AllRound 1117.17 3035.47 2108.99 3213.44
SportsCar Soft Front Hard Rear 1150.16 3040.69 2112.4 3239.88
SportsCar Hard Front Soft Rear 1185.71 3029.95 2114.78 3204.11





Figure 7 – A table depicting the results of the VI-CRT acceleration test.
2.2 Braking Test Results
[image: image8.png]Mininum Front Wheel Load (N)

Minimum Rear Wheel Load (N)

Maximum Front Wheel Load (N)

Maximum Rear Wheel Load (N)

SportsCar Underdamped 2062.87 913.69 3341.46 2319.25
SportsCar Critically Damped 2064.93 819.02 3413.35 2324.34
SportsCar Overdamped 2060.71 743.52 3493.21 2330.31

SportsCar Soft AllRound 2068.91 1124.68 3258.72 2310.17
SportsCar Hard AllRound 2057.6 804.98 3474.76 2325.6
SportsCar Soft Front Hard Rear 2068.68 818.34 3235.97 2325.7
SportsCar Hard Front Soft Rear 2054.96 1081.05 3554.06 2306.97





Figure 8 - A table depicting the results from the VI-CRT braking test.
2.3 Pembrey Lap Test Results
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SportsCar Critically Damped 61.261
SportsCar Overdamped 61.261
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SportsCar Soft AllRound 61.271
SportsCar Hard AllRound 61.241
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Figure 9 - A table depicting the lap time results of the VI-CRT max performance test.
2.4 Pothole Results
[image: image10.png]Max front wheel loads
Underdamped 7143.547872
Critically Damped 9671.212611
Overdamped 11619.678
Soft All Round 5604.968498
Hard All Round 9103.636449
Soft Front Hard Rear 6221.997633
Hard Front Soft Rear 7216.179262





Figure 10 - Table depicting the results of the Simulink pothole test.
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Figure 11 - Graph depicting the difference in loads between different damper setups.
2.5 Speed Bump Results

[image: image12.png]Max front wheel loads
Underdamped 2382.107113
Critically Damped 3223.805108
Overdamped 3872.953277
Soft All Round 1864.467474
Hard All Round 3034.684923
Soft Front Hard Rear 2071.908515
Hard Front Soft Rear 2405.987463





Figure 12 - Table depicting results from the Simulink speed bump test.
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Figure 13 - Graph depicting the difference in contact patch loads between different damper setups during the Simulink speed bump test.
3. Analyses 
One can see immediately from Figure 9 that the suspension setup had very little affect on overall lap time. The biggest difference between lap times is when stiffening the front springs and loosening the rear springs. This is most likely due to understeer induced by the dramatically stiffer front end, which reduced load transfer at the front causing the car to skid wide through the corners.


Overall, the best performing damper setup was the 0.7 coefficient. This aligns with the automotive industry well as underdamping to that degree is a common practice when designing road vehicle suspension.


We can also see that during braking it was advantageous to stiffen the front, as that would decrease the load being absorbed by the suspension, increasing the contact patch size and therefore the grip, allowing the vehicle to slow quicker and more stable.


However, the inverse is true for acceleration. It was advantageous in these circumstances to stiffen the rear springs, albeit for the same reason: stiffening the rear would allow greater tyre deformation, increasing contact patch size and therefore the grip available to transmit accelerative forces to the road.


During Simulink tests, however, there were different outcomes again. When dealing with low-speed compressions and rebounds it was found that a softer suspension setup was advantageous, as they provided lower contact patch loads. These would be the preferred outcomes for both stability and driver/passenger comfort, as it means there is less force being transmitted into the main chassis and more is being absorbed by the suspension. These analyses can be applied to both the pothole and speed bump tests, as they both required the same setup design.
4. Conclusions
4.1 VI-Grade Conclusions

There are limitations when it comes to simulating vehicles using VI-CRT. The software uses path and road data files to map the circuit or the test area that you are using during these scenarios; however, these files rarely include any surface data that can reflect real surface imperfections. This can provide an unrealistic view of what these tests would look like in real testing and so must be taken with a pinch of salt. However, these tests still provided a decent view of how suspension setups affect handling performance.

When dealing with even stiffness of springs from front to rear, the stiffer option always provided greater performance, under acceleration, braking and over a lap. It is important to note, however, that a human driver could have problems with a super stiff setup. VI-CRT is a programme that can make perfect decisions instantly, whereas humans need to react to limited outside stimuli to make decisions. This impacts how stiff you can make the springs as without some leniency in the vehicle’s movement, the driver has far fewer ways of telling what’s happening underneath them. This means a compromise is necessary when introducing a real driver, to allow them to maximise the real-world performance of the vehicle.


Differing the stiffness of the springs from front to rear inherently compromised the results of the tests, which was noticeable the most from the Pembrey lap tests, as that was where lap times differed most.

The preferred damper setup was clearly underdamped, as it provided the right amount of tyre load to make the vehicle stable enough for a human to drive. In terms of outright pace there was little difference in performance when tested in VI-CRT, so therefore the damper setup can be entirely adjusted to suit a possible human driver. Underdamping the vehicle would also have the added benefit of aligning with the majority of the automotive and motorsport industry, meaning there would be a minimised learning curve for any potential drivers when introducing them to the vehicle.

4.2 Simulink Conclusions

These tests provided some valuable insight into how the vehicle reacts to bumps. There was little difference between the pothole and speed bump tests, as both were of a similar nature. When considering low-speed bumps there is little consideration necessary for the outright performance of the vehicle, so greater consideration can be taken to ensuring the vehicle’s drivability and stability when introducing a human driver. It was discovered that the softer springs provided less load on the contact patches, meaning the force was absorbed more by the suspension. This makes sense as the off-road industry tends to favour softer and longer-travel springs for rough terrain, as they upset the balance and stability of the cars less. This same formula can be applied to on-road and circuit racing as well, as any kerbs or imperfections in the road surface can be better absorbed and will not upset the balance of the car through a corner.
4.3 Final Conclusions

Simulink and VI-CRT had results that led to opposing conclusions, which was as expected. When focusing on low-speed bumps, the goal is to soften the blows and upset the vehicle as little as possible. When focusing on high-speed movement you want the suspension stiffer and uniform to allow for less weight-transfer under acceleration and braking.

It is necessary for a balance to be found between these two, to ensure a compromise between outright 
performance and driveability/stability. 
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