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Abstract. To evaluate the control performance of the PID controller for the cars, a 3D car dynamic 
model with 8-DOF which can fully reflect the pitch and roll of the car body is proposed in this 
study. The PID controller is then researched and applied to control the active suspension system 
of the cars under the different excitations of the road surface and the various car speeds. The 
control performance for improving the ride comfort of the driver is evaluated via the  
root-mean-square (RMS) of acceleration responses of the vertical driver’s seat, pitching and 
rolling car body angles. The research results show that the PID controller for the car suspension 
system have an obvious impact on reducing the vibration and controlling the car body shaking in 
comparison with the passive suspension system.  
Keywords: active suspension system, vehicle dynamic model, PID controller, ride comfort. 

1. Introduction 

Nowadays, due to the demand for transport development, all vehicles need to travel at a higher 
speed, safer, and more stable, particularly the cars. In order to solve this problem, the car 
suspension system is especially concerned by the researches. The car suspension system equipped 
with the spring and damping mounts was researched and replaced by using the air suspension 
system [1, 2]. The car’s ride comfort was significantly improved. However, the structure of the air 
suspension is quite complex to equip on cars. Therefore, the study for controlling the damping 
force or coefficients of the suspension system had been concerned. The vehicle suspension system 
model with the damping coefficient of the magneto-rheological (MR) fluid was researched and 
controlled [3-8]. The root-mean-square (RMS) acceleration responses of the vehicles were chosen 
as the objective function of the studies [9-11]. The results showed that the damper force of the 
RM could improve the vehicle ride comfort. 

To enhance the control performance of the semi-active suspension system using the MR fluid 
mount [7, 8], a half vehicle with 5-DOF was controlled by the FLC controller [12], FLC-Skyhook 
[13], or skyhook control in Matlab/Simulink and Adams software [14]. Moreover, the optimal 
control methods, such as Neuro-Fuzzy control with the fuzzy rules optimized by the genetic 
algorithm (GA) [15], Fuzzy-PID control with the control rules optimized by cultural algorithm or 
GA [12, 16], or Fuzzy-skyhook control using the multi-objective microgenetic algorithm [17], 
were successfully applied. The results showed that the optimal control methods were better than 
without optimization. However, the quarter car models with the damping coefficient of the MR 
fluid were mostly applied and controlled for all the researches. Besides, the control performance 
was only achieved up to 23 % [1, 3, 16], while the texture and complexity of the combined 
controllers may lead to reduce the stability and increase the cost of the controller. Thus, it is very 
difficult to apply these research results in the actual conditions. The PID control is one of the 
controllers with not only a simple structure but also robust performance, and it is generally used 
in industrial process control [5]. However, its control performance to control the vehicle 
suspension system has not yet been evaluated. 

The innovation in this paper is that a 3D car dynamic model with 8-DOF which can fully 
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reflect the pitch and roll of the car body is concerned under the various operating conditions. The 
PID controller is researched and applied to control the active force for the car suspension system. 
The vibration effect to the car ride comfort via the acceleration response and the RMS 
accelerations of the vertical driver’s seat, pitching and rolling car body angles is chosen as the 
objective function. The performance and stability of the PID controller are then evaluated under 
the various excitations of the road surface and the different speeds of the cars. 

2. Material and methods 

2.1. The dynamic model of cars 

A 3D car with four independent suspensions is chosen to establish the vehicle dynamic model 
and control their suspension systems, as shown in Fig. 1, where 𝑧௦, 𝑧௕, and 𝑧௔௜ are the vertical 
displacements of the driver seat, car’s body, and four car’s axles, respectively; 𝜑௖  and 𝜃௖  are 
pitching and rolling angles of car’s body; 𝑚௦, 𝑚௕, and 𝑚௔௜ are the mass of the driver seat, car’s 
body, and four car’s axles; 𝑐௜ , 𝑘௜  and 𝑐௧௜ , 𝑘௧௜  are the damping and stiffness parameters of the 
suspension system and tires; 𝑢௜ is the active control force of the suspension system; 𝑙௨ and 𝑏௨ are 
the longitudinal and transversal distances of vehicle; 𝑞௜  is the vibration excitation of the tires,  
(𝑖 = 1-4, 𝑢 = 1-3). 

Based on the nonlinear dynamic model of the car and by Newton’s second law of motion, the 
car’s dynamic equations are written by the matrix form: 𝑀𝑍ሷ + 𝐶𝑍ሶ + 𝐾𝑍 = 𝑈 + 𝐶௧𝑄ሶ + 𝐾௧𝑄, (1)

where 𝑀 is the matrix of the mass, 𝐶 and 𝐾 are the matrix of the damping and stiffness of the 
suspension systems, 𝐶௧ and 𝐾௧ are the matrix of the damping and stiffness of the tires, 𝑈 is the 
matrix of the control force of the car suspension systems, there are determined in Appendix. 

 
Fig. 1. The nonlinear dynamic model of cars 

2.2. PID control and application 

The PID control is one of the controllers with not only a simple structure but also robust 
performance, and it is generally used in industrial process control [5, 12]. The performance of PID 
control depends on the appropriate selection of the PID’s parameters. The well-known 
Ziegler-Nichols technique has been used to choose the PID’s parameters to enhance the control 
performance when the system works under the operating conditions. The control force output of 
the PID controller is given by: 
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𝑢 = 𝐾௣𝑍ሺ𝑡ሻ + 𝐾௜ න 𝑍ሺ𝑡ሻ𝑑𝑡 +௧
଴ 𝐾ௗ𝑍ሶሺ𝑡ሻ, (2)

where 𝑍ሺ𝑡ሻ is the vertical displacement of the suspension system of input PID controller; 𝐾௣, 𝐾௜ 
and 𝐾ௗ are the proportionality factors of output PID controller. 

In the car dynamic model, there are four suspensions should be separately controlled, thus, 
four PID controller should be designed. However, the design process of these controllers is similar. 
Thus, a specific of the PID controller is designed to control the force for the active suspension 
system. 

To determine the proportionality factors of the PID controller and control the system model, 
Eqs. (1) and (2) of the car dynamic system is solve based on Matlab/Simulink software, their 
model is shown in Fig. 2. 

Based on the Ziegler-Nichols technique which helps for researching the optimal 
proportionality factors of the PID controller [5, 7], the factors of 𝐾௣, 𝐾௜ and 𝐾ௗ are obtained via 
the control model in Fig. 2 are 𝐾௣ = 60132, 𝐾௜ = 3202, and 𝐾ௗ = 61, the factors are then used to 
control the active suspension system of the cars. 

 
Fig. 2. Simulink model of the control system 

2.3. Vibration excitation of the road surface 

Road surface is of special interest, which impacts not only on the vehicle-road interaction but 
also on the vehicle’s fatigue life and the driver’s ride comfort. To analyze the control performance 
of the active suspension system with PID control, three types of the vibration excitation including 
the step, harmonic, and random road surface are considered as follows: 

Step road surface: The bump road surface can be mathematically described by: 𝑞(𝑡) = ቄ0,0.01, 0 ≤ 𝑡 ≤ 1,𝑒𝑙𝑠𝑒.  (3)

Harmonic road surface: The harmonic road surface is described as follows: 

𝑞(𝑡) = sin𝜔𝑡 = sin ൬2𝜋𝑓𝐿𝑣଴ ൰, (4)

where 𝑓 is the excitation frequency (Hz), 𝑣଴ is the car speed (m/s), and 𝐿 = 𝑙ଶ + 𝑙ଷ  is the car 
length. 
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Random road surface: The random excitation of road surface roughness can be represented by 
a randomly modulated periodic. In the case, the form of the displacement power spectral density 
(PSD) of the road surface roughness is determined by the experimental formula [18]: 𝑆௤(𝑛) = 𝑆௤(𝑛଴) ൬ 𝑛𝑛଴൰ିఠ, (5)

where 𝑛 is space frequency; 𝑛଴ is reference space frequency which is defined by 0.1 m-1; 𝑆௤(𝑛) is 
the road surface roughness coefficient or PSD of the road surface under the reference space 
frequency 𝑛௢; 𝜔 is the frequency index which determines the frequency configuration of the PSD 
of the road surface (𝜔 = 2). Road surface roughness is assumed to be a zero-mean stationary 
Gaussian random process. It is generated through the Fourier transformation as: 

𝑞(𝑡) = ෍ට2𝑆௤(𝑛௜)Δ𝑛ே
௜ୀଵ cos(2𝜋𝑛௞𝑡 + 𝜙௜), (6)

where 𝜙௜ is a random phase uniformly distributed from 0 to 2𝜋. 
According to the standard ISO 8068 [18], the car speed is 72 km/h, the simulation time 𝑡 is 

10 s, three types of the road surface excitation are plotted in Fig. 3. These vibration excitations are 
then used to simulate the dynamic model of cars. 

 
a) Step excitation 

 
b) Harmonic excitation 

 
c) Random excitation 

Fig. 3. The excitation of the various road surfaces 

3. Numerical simulations and discussions 

3.1. Control performance under various excitations of the road surface 

To emphasize clearly the control performance of the PID controller for the car’s ride comfort, 
assuming that the car moves at a constant speed of 72 km/h under three different cases of the road 
surface. The major parameter of the car listed Table 1 is used. The car dynamic model with two 
active and passive suspension systems is then simulated to compare the results. 

Under the step excitation of the road surface, the simulation result is plotted in Fig. 4. 
Observing Fig. 4(a), (b), and (c), we can see that all the acceleration responses of the vertical 
driver’s seat, pitching and rolling car body angles at a step of time 1 to 2 s are remarkably reduced 
by the active suspension system. 
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Table 1. Major parameters of the cars 
Parameter Value Parameter Value Parameter Value 𝑚௦  /kg 85 𝑙ଶ /m 1.604 𝑘௧ଵ,ଶ /N m-1 193211 𝑚௕  /kg 1394 𝑙ଷ /m 1.245 𝑘௧ଷ,ସ /N m-1 226422 𝑚௔ଵ /kg 66 𝑏ଵ /m 0.45 𝑐௦  /Ns m-1 250 𝑚௔ଶ /kg 66 𝑏ଶ,ଷ /m 0.9 𝑐ଵ,ଶ /Ns m-1 7733 𝑚௔ଷ /kg 87 𝑘௦  /N m-1 25000 𝑐ଷ,ସ /Ns m-1 9804 𝑚௔ସ /kg 87 𝑘ଵ,ଶ /N m-1 93844 𝑐௧ଵ,ଶ /Ns m-1 2000 𝑙ଵ /m 1.35 𝑘ଷ,ସ /N m-1 100007 𝑐௧ଷ,ସ /Ns m-1 2000 

 

 
a) Vertical driver’s seat 

 
b) Pitching body angle 

 
c) Rolling body angle 

Fig. 4. Control performance under the step road surface 

Under the harmonic excitation of the road surface, the simulation result is shown in Fig. 5. 
Observing Fig. 5(a), (b), and (c), we also see that the acceleration responses of the vertical driver’s 
seat, pitching and rolling car body angles are significantly decreased by using the PID controller 
for the active suspension system. Especially the acceleration values of the vertical driver’s seat 
and pitching cab body angle. 

Under the random excitation of the road surface, the simulation result of the acceleration 
responses of the vertical driver’s seat, pitching and rolling car body angles is shown in Figs. 6(a), 
(b), and (c), respectively. It also finds that all their acceleration responses are clearly reduced by 
the PID controller. 

A good suspension system should have the ability to minimize vibration transmission to 
improve the driver’s ride comfort based on reducing the RMS acceleration response [9-11]. Thus, 
the RMS values of the vertical driver’s seat, pitching and rolling body angles are calculated based 
on their acceleration responses are given to evaluate the control performance as follows: 

𝑎ோெௌ = ඨ൬1𝑇൰න [𝑎(𝑡)]ଶ்
଴ 𝑑𝑡, (7)

where 𝑎(𝑡) is the acceleration response of the vertical driver’s seat, pitching angle and rolling 
angle of the car body, 𝑇 is the simulation time. 
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a) Vertical driver’s seat 

 
b) Pitching body angle 

 
c) Rolling body angle 

Fig. 5. Control performance under the harmonic road surface 

 
a) Vertical driver’s seat 

 
b) Pitching body angle 

 
c) Rolling body angle 

Fig. 6. Control performance under the random road surface 

Based on the acceleration results of the driver and car body under the random road surface in 
Fig. 6, their RMS acceleration values are then calculated and plotted in Fig. 7. Observing Fig. 7, 
we can see that the RMS values of the vertical driver’s seat, pitching and rolling body angles with 
the active suspension system are remarkably reduced in comparison with the passive suspension 
system by 19.3, 18.3, and 24.7 %, respectively. This performance is due to the effect of the active 
force of 𝑈  which is controlled by the PID controller. Therefore, the driver’s ride comfort is 
improved by the active suspension system. 
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Fig. 7. RMS acceleration results under the random road surface 

3.2. Control performance under various speeds of car 

In the operating process of the car, the car speed is always changed and depended on the driver. 
To fully evaluate the control performance, the various speed of the car from 10 to 100 km/h is 
given under the random road surface. The RMS values of the vertical driver’s seat, pitching and 
rolling body angles are shown in Fig. 8. 

 
a) Vertical driver’s seat 

 
b) Pitching body angle 

 
c) Rolling body angle 

Fig. 8. Control performance of the RMS acceleration responses under the various car speeds 

The simulation results show that the RMS values of the vertical driver’s seat and rolling car 
body angle are strongly affected by the car speeds, as see in Fig. 8(a) and 8(b). Both these RMS 
values are the minimum at the speed range from 40 to 60 km/h and their RMS values are strongly 
increased from 70 to 100 km/h. However, the RMS value of the rolling car body angle affected 
by the speed is very small in the car speed range from 30 to 100 km/h. 

The comparison results between the active and passive suspension system of the car under 
various car speeds, it can see that the RMS values of the vertical driver’s seat, pitching and rolling 
body angles are greatly reduced by the PID controller. These results also reinforce the evidence 
for the control performance of the PID controller. Thus, the car’s ride comfort is significantly 
improved not only under the different excitations of the road surface but also under the various 
car speeds. 

4. Conclusions 

The innovation in this paper is that a 3D dynamic model of the cars which can fully reflect the 
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car body shaking vibrations is studied. The control performance of the PID controller for the active 
suspension system on the car driver comfort is evaluated under different operation conditions of 
the cars. The study results are recapitulated as follows: 

1) Under the different excitations of the step, harmonic, and random road surfaces, the 
acceleration responses of the vertical driver’s seat, pitching and rolling body angles with the active 
suspension system are greatly reduced in comparison with the passive suspension system. Their 
RMS values with the PID controller are remarkably reduced by 19.3, 18.3, and 24.7 % in 
comparison without the control, respectively. 

2) Under the various car speeds, the RMS values are also greatly reduced in comparison with 
the passive suspension system, especially at a car speed range from 40 to 60 km/h. Therefore, the 
active suspension system of cars applied by the PID controller can improve the car’s ride comfort 
under various operation conditions. 

3) In the existed researches are used by the combined methods and optimal control methods 
[13-17], the results indicate that the vehicle ride comfort has been greatly improved. However, it 
is very difficult to apply these research results into the actual condition due to the high cost of the 
controller, which can also make the cost of the vehicles also increase. The results of this study 
also show that the car ride comfort has been greatly increased by using the PID controller under 
various operating conditions, while the structure of the PID controller is relatively simple, and its 
application to improve the ride comfort is entirely possible. 
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Appendix 

𝑍 =
⎣⎢⎢
⎢⎢⎢
⎢⎡ 𝑧௦𝑧௕𝜑௕𝜃௕𝑧௔ଵ𝑧௔ଶ𝑧௔ଷ𝑧௔ସ⎦⎥⎥

⎥⎥⎥
⎥⎤ ,     𝑄 =

⎣⎢⎢
⎢⎢⎢
⎢⎡ 0000𝑞ଵ𝑞ଶ𝑞ଷ𝑞ସ⎦⎥⎥

⎥⎥⎥
⎥⎤ ,       𝑀 =

⎣⎢⎢
⎢⎢⎢
⎢⎡𝑚௦ 0 0 0 0 0 0 00 𝑚௕ 0 0 0 0 0 00 0 𝐼௕௬ 0 0 0 0 00 0 0 𝐼௕௫ 0 0 0 00 0 0 0 𝑚௔ଵ 0 0 00 0 0 0 0 𝑚௔ଶ 0 00 0 0 0 0 0 𝑚௔ଷ 00 0 0 0 0 0 0 𝑚௔ସ⎦⎥⎥

⎥⎥⎥
⎥⎤, 

𝑈 =
⎣⎢⎢
⎢⎢⎢
⎢⎡ 0𝑢ଵ + 𝑢ଶ + 𝑢ଷ + 𝑢ସ−𝑢ଵ𝑙ଶ − 𝑢ଶ𝑙ଶ − 𝑢ଷ𝑙ଷ − 𝑢ସ𝑙ଷ𝑢ଵ 𝑏ଶ − 𝑢ଶ 𝑏ଷ + 𝑢ଷ 𝑏ଶ − 𝑢ସ 𝑏ଷ 𝑢ଵ𝑢ଶ𝑢ଷ𝑢ସ ⎦⎥⎥

⎥⎥⎥
⎥⎤, 

𝐶 =
⎣⎢⎢
⎢⎢⎢
⎢⎢⎡ 0 0 0 0 0 0 0 0−𝑐௦ 𝑐௦ −𝑐௦𝑙ଵ 𝑐௦𝑙௕ 0 0 0 0𝑐௦ 𝐶ଷ,ଶ 𝐶ଷ,ଷ 𝐶ଷ,ସ 𝑐ଵ 𝑐ଶ 𝑐ଷ 𝑐ସ−𝑐௦𝑙ଵ 𝐶ସ,ଶ 𝐶ସ,ଷ 𝐶ସ,ସ −𝑐ଵ𝑙ଶ −𝑐ଶ𝑙ଶ 𝑐ଷ𝑙ଷ 𝑐ସ𝑙ସ0 𝑐ଵ −𝑐ଵ𝑙ଶ 𝑐ଵ𝑏ଶ (−𝑐ଵ − 𝑐௧ଵ) 0 0 00 𝑐ଶ −𝑐ଶ𝑙ଶ −𝑐ଶ𝑏ଷ 0 (−𝑐ଶ − 𝑐௧ଶ) 0 00 𝑐ଷ 𝑐ଷ𝑙ଷ 𝑐ଷ𝑏ଶ 0 0 (−𝑐ଷ − 𝑐௧ଷ) 00 𝑐ସ 𝑐ସ𝑙ଷ −𝑐ସ𝑏ଷ 0 0 0 (−𝑐ସ − 𝑐௧ସ)⎦⎥⎥

⎥⎥⎥
⎥⎥⎤, 

𝐾 =
⎣⎢⎢
⎢⎢⎢
⎢⎢⎡ 0 0 0 0 0 0 0 0−𝑘௦ 𝑘௦ −𝑘௦𝑙ଵ 𝑘௦𝑙௕ 0 0 0 0𝑘௦ 𝐾ଷ,ଶ 𝐾ଷ,ଷ 𝐾ଷ,ସ 𝑘ଵ 𝑘ଶ 𝑘ଷ 𝑘ସ−𝑘௦𝑙ଵ 𝐾ସ,ଶ 𝐾ସ,ଷ 𝐾ସ,ସ −𝑘ଵ𝑙ଶ −𝑘ଶ𝑙ଶ 𝑘ଷ𝑙ଷ 𝑘ସ𝑙ସ0 𝑘ଵ −𝑘ଵ𝑙ଶ 𝑘ଵ𝑏ଶ −𝑘ଵ − 𝑘௧ଵ 0 0 00 𝑘ଶ −𝑘ଶ𝑙ଶ −𝑘ଶ𝑏ଷ 0 −𝑘ଶ − 𝑘௧ଶ 0 00 𝑘ଷ 𝑘ଷ𝑙ଷ 𝑘ଷ𝑏ଶ 0 0 −𝑘ଷ − 𝑘௧ଷ 00 𝑘ସ 𝑘ସ𝑙ଷ −𝑘ସ𝑏ଷ 0 0 0 −𝑘ସ − 𝑘௧ସ⎦⎥⎥

⎥⎥⎥
⎥⎥⎤, 
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𝐶௧ =
⎣⎢⎢
⎢⎢⎢
⎢⎡0 0 0 0 0 0 0 00 0 0 0 0 0 0 00 0 0 0 0 0 0 00 0 0 0 0 0 0 00 0 0 0 −𝑐௧ଵ 0 0 00 0 0 0 0 −𝑐௧ଶ 0 00 0 0 0 0 0 −𝑐௧ଷ 00 0 0 0 0 0 0 −𝑐௧ସ⎦⎥⎥

⎥⎥⎥
⎥⎤, 

𝐾௧ =
⎣⎢⎢
⎢⎢⎢
⎢⎡0 0 0 0 0 0 0 00 0 0 0 0 0 0 00 0 0 0 0 0 0 00 0 0 0 0 0 0 00 0 0 0 −𝑘௧ଵ 0 0 00 0 0 0 0 −𝑘௧ଶ 0 00 0 0 0 0 0 −𝑘௧ଷ 00 0 0 0 0 0 0 −𝑘௧ସ⎦⎥⎥

⎥⎥⎥
⎥⎤, 

where: 𝐶ଷ,ଶ = −𝑐ଵ − 𝑐ଶ − 𝑐ଷ − 𝑐ସ,      𝐶ଷ,ଷ = 𝑐௦𝑙ଵ + 𝑐ଵ𝑙ଶ + 𝑐ଶ𝑙ଶ − 𝑐ଷ𝑙ଷ + 𝑐ସ𝑙ଷ, 𝐶ଷ,ସ = −𝑐௦𝑏ଵ − 𝑐ଵ𝑏ଶ + 𝑐ଶ𝑏ଷ − 𝑐ଷ𝑏ଶ + 𝑐ସ𝑏ଷ,       𝐶ସ,ଶ = 𝑐௦𝑙ଵ + 𝑐ଵ𝑙ଶ + 𝑐ଶ𝑙ଶ − 𝑐ଷ𝑙ଷ − 𝑐ସ𝑙ଷ, 𝐶ସ,ଷ = −𝑐௦𝑙ଵଶ − 𝑐ଵ𝑙ଶଶ − 𝑐ଶ𝑙ଶଶ − 𝑐ଷ𝑙ଷଶ − 𝑐ସ𝑙ଷଶ,      𝐶ସ,ସ = 𝑐௦𝑏ଵ𝑙ଵ + 𝑐ଵ𝑏ଶ𝑙ଶ − 𝑐ଶ𝑏ଷ𝑙ଶ − 𝑐ଷ𝑏ଶ𝑙ଷ + 𝑐ସ𝑏ଷ𝑙ଷ, 𝐾ଷ,ଶ = −𝑘ଵ − 𝑘ଶ − 𝑘ଷ − 𝑘ସ,      𝐾ଷ,ଷ = 𝑘௦𝑙ଵ + 𝑘ଵ𝑙ଶ + 𝑘ଶ𝑙ଶ − 𝑘ଷ𝑙ଷ + 𝑘ସ𝑙ଷ, 𝐾ଷ,ସ = −𝑘௦𝑏ଵ − 𝑘ଵ𝑏ଶ + 𝑘ଶ𝑏ଷ − 𝑘ଷ𝑏ଶ + 𝑘ସ𝑏ଷ,      𝐾ସ,ଶ = 𝑘௦𝑙ଵ + 𝑘ଵ𝑙ଶ + 𝑘ଶ𝑙ଶ − 𝑘ଷ𝑙ଷ − 𝑘ସ𝑙ଷ, 𝐾ସ,ଷ = −𝑘௦𝑙ଵଶ − 𝑘ଵ𝑙ଶଶ − 𝑘ଶ𝑙ଶଶ − 𝑘ଷ𝑙ଷଶ − 𝑘ସ𝑙ଷଶ,   𝐾ସ,ସ = 𝑘௦𝑏ଵ𝑙ଵ + 𝑘ଵ𝑏ଶ𝑙ଶ − 𝑘ଶ𝑏ଷ𝑙ଶ − 𝑘ଷ𝑏ଶ𝑙ଷ + 𝑘ସ𝑏ଷ𝑙ଷ. 
 




