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1. Abstract
This paper focuses on the dynamic response modelling of vehicle suspension systems, describing the establishment of 1DOF to 7DOF suspension models. A MATLAB/Simulink model is constructed, the accuracy of the model is verified, and the effects of the stiffness and damping of the suspension system, as well as the dynamic behaviour of the vehicle on the ride comfort and handling stability are discussed through the simulation data. The limitations of the 7DOF model, such as the failure to consider the longitudinal acceleration and the yaw dynamic response, are also pointed out.

2. Introduction
In recent decades, along with the rapid development of the economy, vehicles have been widely popularised, and cars for various purposes have become indispensable transport carriers in people's lives, which is accompanied by people's increasingly high requirements for vehicle smoothness, so vehicle ride comfort and operability have become the focus of vehicle dynamics research[1].
The Simulink model is obtained by establishing mathematical and physical models, and the correctness of the model is verified. The suspension stiffness and damping are changed to achieve the effect of changing the dynamic response of the vehicle under lane change conditions. These analyses provide part of the theoretical basis for the design of the suspension system, which is of great significance for the setting of vehicle suspension parameters.

3. Suspension modelling and validation
Vehicle suspension is a complex system with multiple degrees of freedom. Theoretically, the more the number of degrees of freedom is established to model the vehicle suspension dynamics, the more accurate the calculation and simulation results will be. The current high degree-of-freedom vehicle model mainly adds some other factors, such as the driveline, steering system and so on. Different influencing factors can be added according to different research objectives, as shown in Fig. 3.1, researchers added the degrees of freedom of seat suspension in order to study the relationship between seat suspension and the motion of the whole vehicle [2]. In this paper we only analyse the 7DOF model.
[image: ]
Fig. 3.1. Half car model with chassis and seat suspension[2].
3.1 1DOF model
As shown in Figure 2-1, an idealised description of the actual vehicle is that the mass of the entire vehicle is uniformly distributed at all positions of the body, the external road excitation acting on all four wheels is the same, and when the tyre dynamic deformation is small and its elasticity is ignored with respect to the mass of the wheels, the vehicle is simplified into the following physical model.
[image: ]
Fig. 3.2. 1DOF model
Mathematical model of the one degree of freedom suspension model of the body:
                       (3-1)

3.2 2DOF model
By adding the tyre mass to the 1DOF model, the response of the tyre can be detected and the physical model in Figure 3.3 below is obtained.
[image: Quarter-car lumped parameters model]
Fig. 3.3. 2DOF model
Mathematical model of the two degree of freedom suspension model of the body:
                  (3-2)
   (3-3)
The 2DOF model developed above only deals with the basic problems of suspension in the optimal design of smoothness, and its main purpose is to reduce the vibration in the vertical direction of the body, with the disadvantage that it cannot study the motions of the vehicle in the pitching direction and the rolling direction.

3.3 4DOF model
In real vehicles, there is a certain distance between the front and rear wheels, and when the road input excitation is applied to the car, this distance causes a time delay in the external excitation received by the rear wheels relative to the front wheels, and a physical model needs to be built for the rear wheels as well. This can be extended to a physical model of the semi considering the front and rear wheels, as shown in Figure 3.4.
[image: ]
Fig. 3.4. 4DOF model

Mathematical model of the four degree of freedom suspension model of the body:

                 (3-4)

                (3-5)

  (3-6)
  (3-7)
The four-degree-of-freedom vibration model established above can accurately simulate the motion in the pitching direction when the front and rear wheels are subjected to different excitations, but it does not analyse the motion in the rolling direction that occurs in the body when the left and right wheels are subjected to different excitations.

3.4.1 7DOF model
For the establishment of the physical model of the complete vehicle, in addition to the spacing between the front and rear wheels, there is another factor to be considered, which is the correlation of the external excitation inputs to the left and right wheels. We need to take into account the road surface unevenness excitation to which all four wheels are subjected to build a complete model of the whole vehicle, as shown in Figure 3.5.
[image: ]
Fig. 3.5. 7DOF model

Mathematical model of the seven degree of freedom suspension model of the body:
          (3-8)




          (3-9)




        (3-10)




           (3-11)

           (3-12)

           (3-13)

           (3-14)


3.4.2 Establishing a 7DOF MATLAB/Simulink model
The body parameters of the Formula Ford Race Car were followed to determine the data in the Simulink model as shown in Table 3.1 below.

Table 3.1 the vehicle parameters
	Parameter
	Value of Parameter

	Vehicle Sprung Mass (kg)
	426

	Front Corner Unsprung Mass (kg)
	22

	Rear Corner Unsprung Mass (kg)
	22

	Front Default Spring Rate ()
	18000

	Rear Default Spring Rate ()
	16000

	Front Slow Bump ()
	1660

	Front Fast Bump ()
	511

	Front Slow Rebound ()
	1915

	Front Fast Rebound ()
	511

	Rear Slow Bump ()
	1477

	Rear Fast Bump ()
	537

	Rear Slow Rebound ()
	1612

	Rear Fast Rebound ()
	537

	Front Tyre Stiffness ()
	90000

	Rear Tyre Stiffness ()
	95000

	Front Tyre Damping ()
	40

	Rear Tyre Damping ()
	45

	Front Track (m)
	1.62

	Rear Track (m)
	1.57

	Distance from CoG to front wheel (m)
	1.34365

	Distance from CoG to rear wheel (m)
	1.09935


According to Eqs. 3-8~3-14, the 7DOF model of the car suspension is built in Simulink, as shown in Fig. 3.6.
In addition, the change thresholds of fast bump and slow bump as well as fast and slow rebound are judged by the following formula, mainly judging the difference between the direct speed of each wheel and the car body. When the speed difference between the wheel and the car body is large, it is switched to the fast bump and fast rebound states, and vice versa. Equation 3-15 is just the formula for judging the damping threshold of the left front suspension. Each wheel should judge the fast and slow states at different times.
                      (3-15)


[image: ]
Fig. 3.6. 7DOF Simulink model of automotive suspension

3.4.3 7DOF model validation
In order to verify the feasibility of the seven-degree-of-freedom model, I set the suspension damping change threshold, when , the car suspension is slow bump and slow rebound state; when , the car suspension is fast bump and fast rebound state.
Assuming that the front and rear wheels of the vehicle are simultaneously subjected to a vertical step displacement input of 0.05m from the ground, and the simulation time is set to 5s, and the solver type is selected to be fixed-step with a step size of 0.0001s, the results of the simulation calculations are shown in the figure below and are compared with the Published exemplar data [3].
[image: ] [image: ]
(a)Simulation data              (b) Published exemplar data
Fig.3.7 Vehicle body vertical displacement z
As shown in Figure 3-7, the simulation data has a similar trend to the published exemplar data, and the values are not the same due to the different settings of the specific vehicle suspension parameters. The vertical body displacement z peaks at 0.083m at 0.24s and converges to 0.05m at 1s, and the ride frequency of the body is 1.662Hz.
[image: ] [image: ]
(a)Simulation data                   (b) Published exemplar data
Fig.3.8 Pitch angle θ
As shown in Figure 3-8, the simulation data follows a similar trend to the published exemplar data, with the body pitch angle peaking at  at 0.094s and converging to 0 at 0.1s.

[image: ][image: ]
(a)Simulation data              (b) Published exemplar data
Fig.3.9 Roll angle θ

As shown in Figure 3-9, although the simulation data has a different trend compared with the published executable data, they are basically close to zero, indicating that the body has almost no roll, that is, almost no roll motion occurs under the input of vertical step displacement, because the rigidity and damping coefficient of the left and right suspensions of the vehicle in the simulation and the rigidity of the left and right tires are equal.
[image: ]
Fig.3.10 Spring damp()
As shown in Figure 3.10, the suspension damping of each corner changes according to the aforementioned switching thresholds. Only before 0.19s, the suspension sometimes switches to the fast bump and fast rebound states because the body movement is faster at this time, and when the body movement tends to be usual, the suspension returns to the slow bump and slow rebound states.

In summary, my 7dof model is very similar to the trends of vertical body displacement and pitch angle of Published exemplar data. The roll angle tends to be close to 0, which is in line with the parameter settings of the vehicle suspension, and the suspension damping can be switched in real time with the change of vertical body motion speed.

4. Lane change dynamic response
The automotive double lane change test can help us to understand the performance of the suspension system of the car under different road conditions, and its specific test route is shown in Figure 4.1.
[image: ]
Figure 4.1. Double Lane Change Path Diagram
4.1 Simulation Settings
We will import a section of the lateral acceleration of the car during the Double lane-change test in the 7DOF model. Here we need to modify the 7DOF model by changing Eq. 3-10 to Eq. 4-1, increasing the lateral roll moment and calculating the distance from the centre of lateral roll to the CoG, .
        (4-1)




The lateral acceleration data of Setup1, Setup2 and Setup3 where double lane change was performed were selected from Motec and imported into Matlab/Simulink, the lateral acceleration data of the three tests are shown in Figure 4.2.
[image: ]
Fig. 4.2 Lateral acceleration for Setup1, Setup2 and Setup3
During the three tests, we modified both Front Spring Rate and Rear Spring Rate, and their specific values are shown in the following table
Table 4.1  Spring rate parameters
	Springs Investigation
	
	Setup1
	Setup2
	Setup3

	Front Spring Rate (N/mm)
	
	14
	18
	23

	Rear Spring Rate (N/mm)
	
	20
	16
	12



In the simulation I do not turn on the slow bump and slow rebound state and fast bump and fast rebound state adjustment of the suspension first, the default suspension is in the state of slow bump and slow rebound. The simulation time is set to 10s, and the solver type is selected as fixed-step, and the step size is 0.0001s.

4.2 Comparison of simulation and emulator data
Compare the roll angle data from Setup1, Setup2 and Setup3 inmotec with the roll angle data from the simulation, as shown in Figure 4.3. The simulator data shows the same trend as the simulation data, with a peak at near time and a convergence to zero at near time. They all have the same frequency. These all show that the vehicle 7DOF model can better simulate the roll response of the suspension, but there is a large gap between the simulator data and the simulation data, which may be caused by the absence of the threshold of the suspension fast and slow response state change. Some vehicle parameters are inconsistent with those in the simulator, for example, the stiffness and damping of tires do not provide accurate data.
[image: ] [image: ]
(a) Setup1                             (b) Setup2
[image: ]
(c) Setup3
Fig. 4.3 Comparison of simulator data and simulation data
4.3 Data analysis
The comparison of the Vehicle body vertical displacement of Setup1, Setup2 and Setup3 obtained through simulation is shown in Figure 4.4, the variation of the vertical displacement of Setup1 and Setup3 are similar, especially the 5 groups of larger peaks appearing at 2s-5.3s are close to each other and converge to 0m at 8s at the same time. However, the vertical displacement of Setup2 converges to 0m at the earliest, suggesting that it may have better comfort.
[image: ]
Fig 4.4 Comparison of Vehicle Body Vertical Display
The comparison of Roll angles for Setup1, Setup2, and Setup3 obtained through simulation is shown in Figure 4.6. In Setup1, the front spring rate is smaller than the real spring rate, while in Setup3, the front spring rate is greater than the real spring rate. The growth rate of Setup1 from the first peak to the second peak in the figure is smaller than the growth trend of Setup3. Under intense turning conditions, a larger real spring rate can effectively reduce the vehicle's roll. However, a too small rear spring rate can reduce the grip of the rear wheels and increase the stability of rear axle slip. The front and rear spring rates in Setup 2 are relatively more balanced, so the peaks in the graph are not the largest and converge to 0 rad faster. It indicates that it has better riding comfort.
[image: ]
Fig 4.5 Comparison of Roll angle
The comparison of the pitch angles of Setup1, Setup2, and Setup3 obtained through simulation is shown in Figure 4.6. The pitch angle values all approach 0 rad, with a maximum peak value of  rad, this is because the simulation in this section is aimed at testing the lane change of the vehicle, so the trend of pitch motion is much smaller than that of roll motion.
[image: ]
Fig 4.5 Comparison of Pitch angle
In summary, the front spring rate in setup1 is greater than the real spring rate, indicating that the vehicle has greater grip on the rear wheels and better stability of the rear axle, reducing the likelihood of rear axle slip. The front and rear spring rate setting of Setup2 is more balanced, so the vertical displacement and roll angle of the vehicle are not large, and it can converge to 0 faster, which will improve the comfort of the vehicle. The front spring rate in Setup3 is smaller than the real spring rate, and the increased front suspension stiffness helps with fast steering response. However, excessive stiffness may consume the front tires excessively during long turns, leading to a decrease in grip

5. The impact of parameters on car response
5.1 Changing suspension damping
Firstly, increase the damping coefficient of the front and rear suspensions. Here, the slow bump and slow rebound states, as well as the fast bump and fast rebound states of the suspension, are still not activated. By default, the suspension is in the slow bump and slow rebound states. Modify the damping coefficient as shown in Table 5.1. The inputs during the simulation process are consistent with the data from setup1.
Table 5.1 Revised damping coefficients
	Parameter
	Value of Parameter

	Front Slow Bump ()
	1860

	Front Slow Rebound ()
	2115

	Rear Slow Bump ()
	1677

	Rear Slow Rebound ()
	1812


As shown in Figure 5.1, after increasing the damping coefficient of the car suspension, the vertical displacement of the vehicle body is significantly reduced, which significantly improves the riding comfort of the vehicle body. Changing the suspension does not change the ride frequency of the vehicle body, which can also be verified from the figure. The ride frequency of the vehicle body obtained from both simulations is 2.127Hz. However, after reducing the damping, the vertical displacement of the vehicle body can converge faster to 0m. By appropriately increasing the damping, the riding comfort of the vehicle will be improved, but excessive damping can lead to the body becoming too stiff, thereby limiting the adaptability of the suspension to road changes.
[image: ]
Fig5.1 Comparison of Vertical Displacement of Vehicle Body
As shown in Figure 5.2, when the damping of the current rear suspension increases, the roll angle will also decrease. This is because the movement of the body during compression and rebound is more controlled, which helps to reduce the swinging of the body during lateral load transfer, thereby reducing the amplitude of roll.
[image: ]
Fig 5.2 Comparison of roll angles
Next, we will attempt to adjust the slow bump and slow rebound states of the suspension, as well as the fast bump and fast rebound states, to obtain different dynamic responses of the vehicle body.

In order to determine the threshold for suspension damping change, Figure 5.3 shows the change in the absolute value of the difference between the vehicle body and tire speeds calculated using formulas 3-15. Set a threshold for suspension damping change. When , the car suspension is in a slow bump and slow rebound state; When , the car suspension is in fast bump and fast rebound states.
[image: ]
Fig 5.3 Changes in damping u of unopened suspension

As shown in Figure 5.4, the damping changes of the suspension damping state are shown. At 2.5s-3.4s and 4.3s-5.3s, the suspension damping frequently switches to fast bump and fast rebound states, which is similar to the situation in Figure 5.3 and meets the expected changes.
[image: ]
Fig 5.4 Changes in Suspension Damping
As shown in Figure 5.5, the comparison of vertical displacement of the vehicle body with suspension damping changes is similar to the suspension changes in Figure 5.4. At 2.5s-3.4s and 4.3s-5.3s, the peak value of vertical displacement of the vehicle body is significantly reduced, which can greatly improve ride comfort.
[image: ]
Fig 5.5 Comparison of Vertical Displacement of Vehicle Body with Suspension Damping Changes
As shown in Figure 5.6, the comparison chart of the roll angle when the suspension damping change is activated shows that the peak roll angle after the damping change is activated is greater than that when the damping change is not activated. Has a larger roll amplitude. This is because when switching to fast bump and fast rebound states, the damping decreases, which is not conducive to controlling the center of gravity movement of the vehicle entering the turn, and instead increases the roll.
[image: ]
Fig 5.6 Comparison of the roll angle of the suspension damping change when activated

5.2 Changing the stiffness of suspension springs
In this section, the simulation will continue to use the lateral acceleration data from the double lane change in setup1 in Motec, and modify the spring rate parameters to Setup4 and Setup5 in Table 5.2 below. In this section, Setup4 has a larger Front Spring Rate and Rear Spring Rate, while Setup5 has the opposite. The reason for this change is to obtain the effect of simultaneously increasing or decreasing the Front Spring Rate and Rear Spring Rate on the dynamic response of the vehicle body.
Table 5.2  Spring rate parameters
	Springs Investigation
	
	Setup4
	Setup5

	Front Spring Rate (N/mm)
	
	14
	23

	Rear Spring Rate (N/mm)
	
	12
	20



As shown in Figure 5.7, the peak vertical displacement of the vehicle body in setup4 is greater than that in setup1, while setup5 is the smallest. This indicates that increasing the spring rate can reduce the vertical displacement amplitude of the vehicle body, effectively improve ride comfort, and the system can converge quickly. We can also obtain the ride frequency of three sets of data, where ,  and . This indicates that as the spring rate increases, the ride frequency will also increase. It is worth noting that although increasing the spring rate can improve ride comfort, the frequency range of 4-8Hz that may cause damage to the human body should be avoided when setting suspension parameters[4].
As shown in Figure 5.8, setup5 has the lowest peak body roll angle, while setup4 has the highest peak roll angle. This indicates that increasing the spring rate can reduce the amplitude of roll angle, which is beneficial for improving body stability.
[image: ]
Fig 5.7 Comparison of Vertical Displacement of Vehicle Body with Changing Spring Rate
[image: ]
Fig 5.8 Comparison of body roll angle when changing the spring rate

6. Limitations of the 7DOF model
According to the previous analysis, the 7DOF model can effectively identify the dynamic response of vehicle vertical displacement, roll angle, and pitch angle. However, there are still many limitations, as follows:
1. The model did not add longitudinal acceleration, and the car has a large longitudinal acceleration during the acceleration or deceleration phase. In this paper, the simulation only studied the lane change condition, so longitudinal acceleration was ignored. In fact, such a model cannot accurately obtain the pitching motion characteristics of the vehicle body.
2. This model cannot simulate the dynamic response of the vehicle's lateral motion, especially during the turning process of a racing car. The lateral motion of the vehicle is very significant, which is also an important factor that drivers need to consider when they want to quickly turn.
3. This model does not consider the working conditions of the tires. We can use Pacejka magic formula to analyze the impact of tire lateral characteristics on the dynamic response of the vehicle body. At the same time, the rotational dynamics of the tires and the rolling resistance of the tires will also have a significant impact on the movement of the vehicle body.

7. Conclusion
In this article, the physical and mathematical models of automotive suspension from simple 1DOF to complex 7DOF are introduced, and the 7DOF model is built in MATLAB/Simulink. The accuracy of the model was verified by applying a step signal excitation to the tire and comparing it with published executive data. I compared the lateral acceleration data obtained from lane change of cars in Motec with the simulator data, and found that they had the same trend of change. This once again verified the accuracy of the model. I also compared the simulation results with different spring rates set in setup1, 2, and 3. It is found that setup1 and 3 have similar trends in both vertical displacement and roll angle of the vehicle body.
Finally, I analyzed the impact of changing suspension stiffness and damping on the dynamic response of the vehicle body. When the damping coefficient of the suspension is increased, ride comfort will be improved, but excessive damping coefficient will lead to poorer adaptability of the suspension to road changes and poorer vehicle handling. When the suspension damping speed changes, it will significantly reduce the vertical displacement of the vehicle body, but it will increase the vehicle's roll angle. Increasing the spring rate can improve ride comfort, but it is also important to avoid sensitive frequencies in the human body.
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