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 This paper discusses the control mass-spring-dumper (MSD) system used 

in vehicle suspensions. The vehicle suspension consists of mass, coil 

(spring), and shock absorber (dumper). MSD provided a shock effect when 

the vehicle was caused by the frictional force on the load. The difficulty to 

achieve the stability of the suspension and the following of set-point 

tracking. Therefore, Therefore, the proportional-integral-derivative (PID) 

controller, tuning 1 and 2 degrees of freedom (1-2 DOF), and tuning trade-

off PID controller were proposed for stability when the disturbance occurs. 

The MSD equation was obtained by using the Laplace transform and 

validated in Matlab Simulink. The result shows that the tuning trade-off 

PID control reduces disturbance rejection by the smaller set point tracking 

peak amplitude of 1.01, overshoot of 0.682%, and settling time of 0.318 

seconds. The PID controller achieved set point tracking and disturbance 

rejection with a peak amplitude of 1.52, overshoot of 51.7%, and settling 

time of 2.23 seconds, and the tuning 1-2 DOF PID controller achieved set 

point tracking and disturbance rejection with a peak amplitude of 1.07, 

overshoot 6.53%, settling time 0.524 seconds. The tuning trade-off PID 

control has the best performance than tuning 1-2 DOF PID and PID 

controller. 
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1. INTRODUCTION  

Mass-spring-damper (MSD) suspension systems are used in automobiles and motorcycles [1]. The 

system consists of mass, coil (spring), and shock absorber (dumper). MSD creates a shock effect caused 

by friction between the wheels and the load [2]. The vehicle load is used as a support for the suspension 

of the steering system [3], wheels, and chassis [4]. Important components that must be considered in the 

suspension such as transmission force, torque, comfort, and stability [5]. The Suspension has three 

classifications such as passive, semi-active, and active systems [6]. A Semi-active system has the 

characteristics of stability, balance [7], and low energy consumption [8]. The passive system limits the 

movement of the car body and wheels at speed for a comfortable ride [9]. The active system consists of 

actuators, mechanical springs, dampers, actuators, and mechanical springs [10]. The difference between 

active and passive systems is the controlling force. The controlling force reduces the vibrations that are 

affected by the entire surface of the vehicle and produce more comfort for the occupant than a driver is 

comfortable [11]. The comfort of the steering system and road estimation is a concern for controlling 
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the suspension system. The greater the suspension system is disturbed, the MSD will experience 

vibrations felt by the driver and passengers [12].    

The conventional active suspension is mounted in parallel with the spring dumper, hydraulic, and 

actuator to generate vertical force between the sprung (chassis) [13] and unsprung (wheels) [14]. Active 

suspension with variable geometry is proposed to reduce mass unsprung gradually and power demand 

is limited [15]. The adaptive neural scheme is applied to active suspension with vertical mass sprung 

replacement limits and actuator saturation. Then radial basis function neural networks (RBFNNs) are 

used to predict the indeterminate body mass and pneumatic spring. So the prescribed performance 

function (PFF) control is designed for fault tracking from constrained sprung changes [16]. Ride height 

control (RHC) functions for semi-active air suspension and processes air in or out of the spring. RHC 

plays a role in improving vehicle performance. Non-linear predictive model control and proportional-

integral-derivative are used to evaluate the performance of the car system [17]. Car system performance 

is analyzed by fuzzy logic for active suspension systems. The suspension system is reviewed for 

unknown parameters, actuator errors, and displacement limitations. Fault Tolerance Control (FTC) is 

proposed as an estimation control for external disturbances. External disturbances are analyzed using 

fault approximation techniques, and actuator errors. FTC is designed to address the output performance 

of a vehicle's suspension. The proposed control can overcome the problems of fault tolerance and 

tracking errors [18]. Control Electronic Suspension (ESC) is applied to the suspension to improve the 

yaw-roll-pitch motion of the vehicle. The vehicle pitch movement is used as a control for each degree 

of freedom (DOF) movement. The control algorithm consists of an integrated vehicle observer (IVO) 

for condition estimation, an integrated target generator (ITG), an integrated vehicle controller (IVC), 

and an optimal distribution controller (ODC). ITG is used as a target for roll, pitch, and yaw angles. IVC 

detects roll, pitch, and yaw states. The ODC determines the damping force to be applied to each method. 

The results show that the proposed algorithm can improve roll, yaw, and pitch vehicle movements [19]. 

Adaptive control is implemented for active suspension vehicles with nonlinearities (spring, and damper). 

Performance that describes the convergence, maximum overshoot, and steady-state error of the vertical 

and pitch motion control design. Vertical control performance and transient angle changes, and vehicle 

steady-state result in error changes [20].  

The performance of the mass-spring-damper from transient to steady state is influenced by the 

spring force and mass transfer to return slowly when shocks occur. This is caused by inertia and vehicle 

body displacement systems and DOF motion [21]. A single-degree-of-freedom MSD has one mode of 

oscillation, the mass of which is connected by a single spring. But a single mass connected to two parallel 

springs causes oscillations back and forth at high frequencies. Meanwhile, the natural frequency 

experiences more oscillations per second, because a combination of springs arranged in parallel has 

greater stiffness than a single spring. Parallel springs experience the same displacement, but the resulting 

force is not the same. MSD system displacement with DOF in dynamic vehicles [22]. In dynamic 

vehicles, the system response must reach the initial point condition before the disturbance occurs [23], 

[24]. This study designed a mass-spring-dumper control system for vehicle suspension to dampen 

oscillations caused by disturbance. The system is designed with a proportional-integral-derivative (PID) 

control trade-off of 1-DOF and 2-DOF for tracking disturbance rejection. Tracking disturbance using 

PID tuning. 

PID provides reliable control and stability in both linear and non-linear systems. Non-linear systems 

with proportional (Kp), integral (Ki), and derivative (Kd) constants have limitations in obtaining 

parameters that can adjust to changes in load [25]. A tuning control is proposed to control an unstable 

system with a design difference in increased closed-loop response [26].  

The development of PID control is fast, but the control produces delays and disturbances that cannot 

be detected quickly [27]. PID tuning is used to regulate Kp, Ki, and Kd constants in achieving the values 

required by linear loads [28]. The linear PID system provides a tracking reference and reduces 

interference. Meanwhile, an unstable system can affect tracking reference and interference. PID also has 

a large overshoot and settling time [29]. Complex processes such as vehicle suspension require a PID 

tuning control to overcome the oscillatory response [30]. So, the PID controller control scheme, 1-2 

DOF PID, and PID trade-off tuning for setpoint tracking and disturbance rejection are proposed. The 

control scheme is designed to reduce the oscillatory response of the mass-spring-damper under load and 
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without interference. System testing was carried out on Matlab software to validate the design and the 

resulting response. 

 

2. RESEARCH METHOD 

In this section, you should explain how the research was conducted, including research design, 

research procedure (in the form of algorithms, Pseudocode or other), how to acquire the data and how 

to perform any test. The description of the course of research should be supported by references, so the 

explanation can be accepted scientifically. 

2.1. PID Controller  

The research method uses proportional-integral-derivative (PID) control. PID control corrects the 

error value between input and output to achieve the response required by the load. If the input and output 

responses are not the same, then the controller will correct them with a feedback system [31]. The PID 

control feedback is tuned to disturbance rejection or fast response with good attenuation to change the 

input set point. Figure 1 describes the P(s), and C(s) process control and transfer functions respectively. 

On the system r (s) set point, u (s) control output, d (s) output signal, d (s) load disturbance, and y (s) 

controlled variable [32] described in formula (1). 

𝑢(𝑠) = 𝑃(𝑠)(𝑟(𝑠) − 𝑦(𝑠))         (1) 

 

Figure 1. PID Controller [32] 

2.2. Tuning 1-DOF dan 2-DOF PID 

The 1-DOF and 2-DOF PID controls are used to set the value of the proportional constant (Kp), 

integral constant (Ki), and derivative constant (Kd) parameters based on variations in the input set point 

in a closed loop system [26]. Changes in the value of the set point parameter will be monitored (tracking) 

by reducing the resulting oscillation response (disturbance rejection). Then, the response results are fed 

back to the u control to find out the error value. The error value is obtained by calculating the difference 

between the reference input and the response output. The calculation of the error value is explained as 

follows [29]. 1-DOF control relates to input set point (r), disturbance (d), plant (Po), and output (y). Set 

point (r) and disturbance (d) have an impact on the error value (u). If (r) and (d) vary in the same way, 

then control (K) can be selected to reduce the small error value. Input (r) and disturbance (d) have 

different properties in the control system to provide tracking and disturbance rejection responses [33]. 

 

Figure 2. Degree of Freedom (DOF) [33] 

The 2-DOF control is explained as input set point (r) on control (K2), error value (u), plant (Po), 

disturbance (d), output (y), and control feedback (K1). The 2-DOF compensator has a trade-off between 

feedback and reference tracking. The feedback control system is ensured with a degree of freedom, 

tracking reference indicated on the control pre-filter. Then the degree of freedom is determined by the 

open loop of the input reference [34]. The conventional control approach uses feedback to regulate the 

desired response. in a linear control system, the use of a reference model will determine the desired 

response from the controlled system [35]. 

𝑢 = 𝐾 [
𝑟
𝑦] = 𝐾2𝑟 − 𝐾1𝑦         (2) 
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2.3. Tunning Trade-Offs PID 

The PID tuning trade-offs are designed to achieve good tracking and fast disturbance rejection at 

the same time. Assuming a constant control bandwidth, disturbance rejection requires a lot of gains 

(amplifier) so that the slope of the crossover can be achieved. If the slope is greater, the response will 

overshoot at the set point. Equation (3) is described as a tuning control where r is the system input, y is 

the actual output, d is the disturbance, e is defined as the error value, and u is the error signal [36]. The 

trade-off PID tuning controller can reduce noise quickly without significantly increasing overshoot in 

set-point tracking. The PID controller trade-off is also useful to reduce the influence of changes in the 

reference signal on the control signal. Figure 2 shows the control architecture with a trade-off PID 

controller [37]. The relationship between the trade-off control output (u) and the two inputs (r and y) 

can be represented in parallel or standard form. The two forms differ in the parameters used to express 

proportional, integral, and derivative actions. The relationship between the trade-off PID control output 

(u) and the two inputs (r and y) can be represented by the following equation [38]. The MSD plant 

system with PID controller tuning control, 1-DOF and 2-DOF PID tuning, and PID trade-off tuning are 

described in Figure 3. The system was designed using PID tuning parameters and compared based on 

tracking and disturbance rejection and frequency to obtain the correct overshoot. small in set point 

tracking and can reduce changes in the reference signal. 

𝑢 = 𝐾𝑝(𝑏𝑟 − 𝑦) +
𝐾𝑖

𝑠
(𝑟 − 𝑦) +

𝐾𝑑𝑠

𝑇𝑓𝑠+1
(𝑐𝑟 − 𝑦)      (3) 

 

Figure 3. MSD Plant Control System 
  

3. RESULTS AND DISCUSSION  

Figure 4 a, b, and c are the MSD (mass-spring-dumper) output responses, where the MSD response 

on a stable road has a rise time of 2.55 seconds and a settling time of 4.48 seconds. The response to 

reach a stable 2.5 seconds requires a rise time and a long settling time. This is influenced by the mass-

spring to return to its original point when a shock occurs. The output starts with zero to 2.5 seconds 

describing the state of the wheel and spring shock absorbers. The MSD is installed between the wheels 

and the vehicle body to reduce shaking and shock. The MSD system is applied to open-loop control. 

When an MSD disturbance occurs, the system does not provide feedback in the form of variables which 

will be processed according to the magnitude of the load and physical characteristics. The sudden 

resistance generated by the response will start to rise and slow down the vehicle according to the 

decrease in the response and inertia of the car. 
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Figure 4. (a) Rise Time, (b) Setling Time, and (c) Steady State Respon Open Loop MSD 

The control system uses feedback control in the comparison of tracking and disturbance rejection 

which is explained in Figures 5 a and b. The control system is designed to reduce interference that will 

occur and will return to the desired tracking setpoint. The tracking error at peak gain is 1.68 abs and the 

frequency is 8.12 rad/s. The maximum loop gain of 3.45 dB with a frequency of 6.25 rad/s. Meanwhile, 

the minimum loop gain occurs at a frequency of 0.00697 rad/s, and a single value of 63 dB. Open-loop 

tracking and gain are used to determine the frequency domain tracking between predetermined inputs 

and outputs. The purpose of the setting will determine the maximum error (error) value of the reference 

input to the tracking error value. 

Figure 5. (a) Tracking and (b) Disturbance Rejection 

Figure 6a and b show a comparison between the response of setpoint tracking using a PID 

controller, 1-2 DOF PID tuning, and PID trade-off tuning. The open loop response with a wide frequency 

is [0, 0, 1] rad/second by adding the value of α. The value of α is the frequency amplifier which is set 

from 1, 2, and 4 to increase disturbance rejection at a certain point. Setpoint Tracking (a) The PID 

controller has a settling time of 1.19 seconds, a 1-2 DOF PID tuning of 1.95 seconds, and a PID trade-

off tuning of 2.23 seconds. Figure (b) describes the PID controller tracking setpoint overshoot, 1-2 DOF 

PID tuning, and PID trade-off tuning. The results of the overshoot setpoint tracking using the PID 

controller have an overshoot of 30.6%, and a peak amplitude of 1.31. Tuning 1-2 DOF PID has an 

overshoot of 43.3%, a peak amplitude of 1.43. While the PID trade-off tuning gets 51.7% overshoot and 

1.52 peak amplitude. The PID controller's settling time response is faster due to the search for Kp, Ki, 

and Kd parameters that can adjust the load requirements when a disturbance occurs. However, the 1-2 

DOF PID tuning and the PID trade-off tuning experienced a delay with the PID parameter search of 
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0.443 seconds, 0.533 seconds, and 0.479 seconds. In addition, the overshoot on the three controls affects 

the MSD to return to its initial state before the disturbance occurs. This indicates that the system is 

unstable to reach a steady state. 

Figure 6. (a) Settling Time and (b) Overshoot Set Point Tracking 

Figure 7 (a) and (b) explain the comparison of the PID controller's disturbance rejection response, 

1-DOF PID and 2-DOF PID tuning, as well as the PID trade-off tuning to increase shock absorption 

when the driver is at high speed and can return to the point start stably in case of trouble on the road. 

The open loop response is affected by changes in the mass-spring dumper load. Disturbance rejection 

Figure (a) PID controller has a setting time of 6.34 seconds, 1-2 DOF PID tuning with a setting time of 

2.1 seconds, and a PID trade-off settling time tuning of 2.13 seconds. Figure (b) PID controller 

disturbance rejection has a peak amplitude of 0.087, an overshoot of 3.132%. Tuning 1-2 DOF PID has 

a peak amplitude of 0.201, overshoot of 1.022%, and tuning trade-off PID has a peak amplitude of 

10.174, overshoot of 0.39%. This is caused by changes in load and search for the values of the tuning 

parameters Kp, Ki, and Kd to obtain parameters that match the load requirements. 

 

Figure 7. (a) Settling Time Disturbance Rejection, (b) Overshoot Disturbance Rejection 

Figure 8 (a) and (b) show a comparison of the PID controller setpoint tracking control, 1-2 DOF 

PID tuning, and PID trade-off tuning. The results of the comparison of the PID controller in figure (a) 

produce a settling time of 2.23 seconds, 0.524 seconds of 1-2DOF PID tuning, and 0.318 seconds of 

PID trade-off tuning. While figure (b) shows a comparison of the results of the three control setpoint 

tracking with a PID controller overshoot of 51.7% and a peak amplitude of 1.52, 1-2DOF PID overshoot 

tuning of 6.53%, and a peak amplitude of 1.07. Meanwhile, the PID trade-off tuning achieves an 

overshoot of 0.682% and a peak amplitude of 1.01. The time to reach a steady state condition at the 

tracking setpoint achieved by the PID trade-off tuning control is faster than the other controls. This 
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proves that the proposed control can reduce disturbance rejection to adjust to changes in mass-spring-

dumper load. 

 
Figure 8. Set Point Tracking 1-DOF, 2-DOF, and Proposed Method 

3.1. PID Value Comparison Table 

The comparison of PID controller tuning parameters is described in Table 1. The comparison of 

PID control parameters, 1-2DOF PID tuning, and PID trade-off tuning with each proportional gain 

control, (K_p) integral gain (K_i), and derivative gain (K_d) can affect the peak amplitude, settling time, 

and overshoot response in the event of a disturbance. The calculation of the parameters PID controller, 1-

2 DOF PID, and tuning trade-off PID is obtained from the equation below. The PID controller parameter 

is Kp + Ki * s + Kd * Tf*s+1 with Kp = 5.67, Ki = 12.2, Kd = 7.21, Tf = 72.1, The 1-2-DOF PID tuning 

parameter is u = Kp (b*r-y) + Ki*s (r-y) + Kd*Tf*s+1(c*r-y) with Kp = 0.0615, Ki = 20.2, Kd = 1.85, 

Tf = 0.106, and the trade-off PID tuning is u = Kp (b*r-y) + Ki*s (r-y) + Kd*Tf*s+1 (c*r-y) with Kp = 

9.18, Ki = 45.5, Kd = 0.969, Tf = 2.14e-05. 

Table 1. The Comparison of PID Controller Tuning Parameters 

PID 
The Controller PID Tuning 

PID Controller 1-DOF dan 2-DOF PID Trade-off PID 

Kp 5.67 0.0615 9.18 

Ki 12.2 20.2 45.5 

Kd 7.21 1.85 0.969 

 
4. CONCLUSION  

MSD (mass-spring-dumper) suspension is used in car or motorcycle vehicle systems. Models of 

vehicle suspension in the form of mass, coil (spring), and shock absorber (dumper). MSD provides a 

shock effect when the vehicle is running which is caused by frictional forces on the load. The response 

must quickly return to a stable point when shocks occur. The MSD equation is obtained by Laplace 

transform, then validated in Matlab Simulink. Three PID controllers, 1-2 DOF PID tuning, and PID 

trade-off tuning are proposed to obtain the set point tracking and disturbance rejection. The simulation 

results show that the PID trade-off tuning control can reduce disturbance rejection to a smaller extent 

with a set point tracking peak amplitude of 1.01, an overshoot of 0.682%, and a setting time of 0.318 

seconds. While the PID controller has a set point tracking and disturbance rejection each larger with a 

peak amplitude of 1.52, overshoot of 51.7%, settling time of 2.23 seconds, and tuning of 1-2 DOF PID 

has a peak amplitude of 1.07, overshoot of 6.53%, settling time of 0.524 seconds. 
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