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Abstract  

  
Special relevance is given to achieve passenger comfort in ground vehicles, and the suspension system is a key element 
involved in this objective. The contribution of this research is the modeling of a quarter vehicle as a 7-DOF system 
composed of a 4-DOF biodynamic model and a 3-DOF one-quarter of vehicle (QoV) suspension model. Moreover, a 
skyhook control strategy is being developed with the purpose of improving passenger comfort. Performance indices 
in the frequency domain are applied to validate comfort for the passenger and road holding. The theoretical work in 
this research is supported by simulation work, in which numerical values were taken from experimental work. The 
herein reported results hold importance for the advancement of suspension studies and set precedence for work on 
similar systems with other control strategies towards half and full vehicle suspensions.  
  
Keywords   
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1. Introduction  
Automobiles are the preferred mode of transportation for mankind. Due to this, the control of vehicle’s suspensions to 
ensure both passenger comfort and vehicle stability is a hot topic in companies and research centers that seek to 
improve these performance indices (Milliken and Milliken 1995). Over the years, attempts have been made to improve 
these areas to provide more comfort and safety to the passengers, and considering this requirement, active and 
semiactive suspensions have given better results than passive suspensions.  
  
Passive suspensions are composed of springs and dampers. Springs to reduce impact received by the vehicle body and 
dampers to reduce oscillations more quickly. Semi-active suspensions make use of a combination of actuators, springs, 
and dampers (Wong 2001), whereas active suspensions make strict use of some form of actuator instead of springs 
and dampers. Due to the type of actuators in their systems, active and semi-active suspensions require a controller to 
regulate the actions of these actuators. For this reason, they are considered intelligent suspensions, since they do not 
depend solely on the road profile but are instead controlled and regulated by a more complex system that adjusts 
constantly, in contrast with passive suspensions which are purely reactive (Pauwelussen and Pacejka 1995).   
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The most common QoV representation that has been applied is the 2-DOF suspension model to represent the vertical 
dynamics of the tire (one mass), and another mass to represent the suspended mass that includes: one-quarter of the 
chassis, the seat, and the person (Beltrán-Carbajal et al. 2019, Erol et al. 2019, Qin et al. 2020, Wang et al. 2017, Xue 
et al. 2018, and Zhou et al. 2019). However, it has been proven that augmenting the degrees-of-freedom (DOF) of the 
model provides a better representation of the vertical dynamics for the elements of interest (Singh 2018) because a 
3DOF suspension model can represent the passenger, the seat and chassis, and the unsprung mass. An attempt has 
been reported about the improvement of ride comfort by using a Super Twisting Sliding Mode Controller (STSMC) 
on a 3-DOF model of a semi-active magnetorheological suspension (Soosairaj and Kandavel 2021).  
  
A drawback of employing a 3-DOF model is that it represents the dynamics of the whole passenger's body in only one 
mass, losing the ability to analyze what is happening with specific parts of the body. From this situation, a QoV model 
has a closer representation of the dynamics if it adds more DOF to have a deeper understanding of the system's 
dynamics. By making use of this knowledge, a motivation is to replace the upper mass with a biodynamic model for 
a better vertical dynamic analysis of the passenger, but by increasing the degrees of freedom, the mathematical model 
of the system becomes more complex and generally requires non-linear control techniques (Gillespie 1992 and Jazar 
2008). The evaluation of this type of systems requires applying standard performance indices to system responses in 
the time and frequency domain.   
  
The contribution of this research is the mathematical modeling and simulation of a 7-DOF QoV suspension that 
attaches a 4-DOF biodynamic passenger model, reported in Cheng et al. (2016), to a 3-DOF suspension system (Singh 
2018). With the resulting model,  the nonlinear skyhook control strategy is applied to the semi-active suspension to 
improve passenger comfort, while keeping certain degree of road holding (vehicle stability). Results in time and 
frequency domains are compared against a benchmark passive suspension.   
  
2. Literature Review  
Various biodynamic models, which have different configurations of masses, have been reported. For example, a 4DOF 
biodynamic model, which is in a sitting posture for evaluating the vibration transmissibility, has been proposed to 
study the dynamic response to vertical vibration direction (Abbas et al. 2010). In addition, an extensive survey with 
thirteen biodynamic models, categorized according to the degrees of freedom, has been reported regarding their 
advantages and disadvantages with respect to how they represent the vertical dynamics of various parts of the body 
and how the ride comfort could be assessed. The research also focused on the relation between health issues related to 
vibrations and the biodynamic models (Bhagwan et al. 2012). Another survey with lumped-parameter biodynamic 
models of seated humans exposed to vertical vibration was performed by Liang and Chiang (2006). The study is 
extensive and includes biodynamic models from 1-DOF to 11-DOF.   
  
More multi degree models have been reported. For example, three biomechanical models of four, five and seven DOF, 
have been evaluated in experimental setups regarding human body vertical response in frequency domain. The study 
also reviewed the effect of varying the stiffness and damping coefficients employed to model the pelvis, as well as 
how different values of human masses affect human response (Prashanth et al. 2013). Another study reported a 5-DOF 
lumped-parameter biodynamic model to analyze seat-to-head transmissibility, driving point mechanical impedance, 
and apparent mass with experimental data synthesized from published results, and outcomes were reported in 
frequency domain (Gan et al. 2013). One more modeling effort is a biodynamic driver’s model whose parameters 
(numerical values) were identified via a genetic algorithm. The study focused on the transmissibility from the seat 
towards the head and measurements were taken experimentally from the exposure of human subjects to 0.5-20 Hz 
signals, and it resulted in a 6-DOF model (Kumar and Saran 2019). More recently, a novel 10-DOF biodynamic model, 
developed trying to mimic the human structure has been reported. The study compares its results with reported ones 
and communicates better results for the proposed model (Guruguntla and Lal 2021).    
  
In general terms, it is observed that by incrementing the DOF, a better approximation of the vertical dynamics is 
achieved. However, although the models with more DOF generate more accurate representations of the reality, they 
add complexity to the analysis, including simulation and implementation of the tests. A model that has reported 
satisfactory results while maintaining manageable complexity, is the 4-DOF passenger model reported by Cheng et 
al. (2016); hence, this approach represents the main passenger vertical dynamics with a suitable number of parameters.  
From the state of art revision, the authors did not find a reported QoV model with this biodynamic model; thus, the 
7DOF control-oriented QoV with this biodynamic model is a contribution to the study of smart suspensions.    
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3. Methods  
This investigation consisted of several stages. First, the biodynamic 4-DOF model, reported and validated in Cheng et 
al. (2016), was included in the 3-DOF QoV model reported by Singh (2018). The mathematical modeling was 
performed, first by generating the differential equations, and second by obtaining the state-space representation that 
allows working with the multivariable system in a compact form. Subsequently, the resulting representation was 
compared against passive suspension to qualitatively validate its behavior. The next step was to test whether the 
obtained system was control-oriented by means of the non-linear skyhook control strategy, which seeks to improve 
passenger comfort. Different values for the controller gain were tested seeking the gain the value that will contribute 
to acceptable comfort conditions based on displacements and accelerations. The resulting suspension, in addition to 
improving the comfort index with respect to a passive suspension, also ensures stability by keeping the tire in contact 
with the road profile. This finding is supported by the response of the system in time-domain (to a road-bump signal) 
and by its frequency response. The following subsections describe the modeling and design of the suspension system 
developed herein.      
  
3.1 QoV Suspension Model with a Biodynamic Passenger Model  
This section develops the mathematical modeling for the vertical dynamics. The effort includes a 3-DOF suspension 
reported in Singh (2018), and a 4-DOF biodynamic model that represents the target body displacement (Cheng et al. 
2016). To have a better approach of the masses’ dynamics, the resulting system that includes both models is depicted 
in Figure 1.   

  

  
 

Figure 1. 7-DOF one-quarter vehicle suspension with a biodynamic model.  
  
The 3-DOF model includes: the tire mass, the chassis mass, and the seat mass. All of them relate to springs and viscous 
dampers. The particularity of this model is that an actuator is placed between the chassis and the unsprung mass, and 
it delivers a restoring force (fd) to the suspension.  
  
Figure 1 represents a 7-DOF model with 21 parameters for the vertical dynamic. The QoV-seated human is a 
springdamper-mass system, contemplating the passenger´s body as a structure of masses interconnected by springs 
and viscous dampers. In the schematic, m1 is the mass of the head, m2 stands for the mass of the stomach, m3 symbolizes 
the mass of the chest, whereas m4 means the mass of the pelvis-legs. Moreover, mst stands for the seat's mass, msp 
represents one-quarter of the chassis' mass, and mu denotes the unsprung mass of the automobile. Furthermore, k1, k2, 
k3, and k4 are stiffness that connects the parts of the body as shown in Figure 1. Besides, kst stands for the stiffness 
between the seat and the cabin floor, ksp is the stiffness of the suspension, and kt is the tire stiffness. In addition, c1, c2, 
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c3, and c4 are the modeled damping dynamics between the masses of interest in the body. The rest of the elements are 
csp that stands for the seat's damping, and cst that represents the suspension's damper.  
  
Figure 1 also depicts displacements and the control input. The passenger' displacements are represented with z1 (head), 
z2 (chest), z3 (stomach), and z4 (pelvis-legs) displacements. Besides, zst is the seat's displacement, zsp stands for 
onequarter of the chassis' displacement, zu is the vehicle´s unsprung mass' displacement, and zr symbolizes the road’s 
irregularities. The schematic is completed with an actuator that provides fd , which is the control input. The 
mathematical analysis was accomplished through Newton's second law on each mass as in Eq (1) to Eq (7).  
  
𝑚𝑚1𝑧𝑧1 ̈= −𝑐𝑐1(𝑧𝑧1 ̇ − 𝑧𝑧2 ̇ ) − 𝑘𝑘1(𝑧𝑧1 − 𝑧𝑧2)                                                                                                                              (1)  
  
𝑚𝑚3�̈�𝑧2 = −𝑐𝑐3(�̇�𝑧2 − �̇�𝑧3) − 𝑘𝑘3(𝑧𝑧2 − 𝑧𝑧3)                                                                                                                              (2)  
  
𝑚𝑚2�̈�𝑧3 = −𝑐𝑐2(�̇�𝑧3 − �̇�𝑧4) − 𝑘𝑘2(𝑧𝑧3 − 𝑧𝑧4) − 𝑐𝑐3(�̇�𝑧3 − �̇�𝑧2) − 𝑘𝑘3(𝑧𝑧3 − 𝑧𝑧2)                                                                            (3)  
  
𝑚𝑚4�̈�𝑧4 = −𝑐𝑐4(�̇�𝑧4 − �̇�𝑧𝑠𝑠𝑠𝑠) − 𝑘𝑘4(𝑧𝑧4 − 𝑧𝑧𝑠𝑠𝑠𝑠) − 𝑐𝑐2(�̇�𝑧4 − 𝑧𝑧3 ̇ ) − 𝑘𝑘2(𝑧𝑧4 − 𝑧𝑧3) − 𝑐𝑐1(�̇�𝑧4 − 𝑧𝑧1 ̇ ) − 𝑘𝑘1(𝑧𝑧4 − 𝑧𝑧1)                           (4)  
  
𝑚𝑚𝑠𝑠𝑠𝑠�̈�𝑧𝑠𝑠𝑠𝑠 = −𝑐𝑐4(�̇�𝑧𝑠𝑠𝑠𝑠 − �̇�𝑧4) − 𝑘𝑘4(𝑧𝑧𝑠𝑠𝑠𝑠 − 𝑧𝑧4) − 𝑐𝑐𝑠𝑠𝑠𝑠(�̇�𝑧𝑠𝑠𝑠𝑠 − �̇�𝑧𝑠𝑠𝑠𝑠) − 𝑘𝑘𝑠𝑠𝑠𝑠(𝑧𝑧𝑠𝑠𝑠𝑠 − 𝑧𝑧𝑠𝑠𝑠𝑠)                                                                (5)  
  
𝑚𝑚𝑠𝑠𝑠𝑠�̈�𝑧𝑠𝑠𝑠𝑠 = −𝑐𝑐𝑠𝑠𝑠𝑠(�̇�𝑧𝑠𝑠𝑠𝑠 − 𝑧𝑧𝑢𝑢̇ ) − 𝑘𝑘𝑠𝑠𝑠𝑠(𝑧𝑧𝑠𝑠𝑠𝑠 − 𝑧𝑧𝑢𝑢) − 𝑐𝑐𝑠𝑠𝑠𝑠(�̇�𝑧𝑠𝑠𝑠𝑠 − 𝑧𝑧𝑠𝑠�̇�𝑠 ) − 𝑘𝑘𝑠𝑠𝑠𝑠(𝑧𝑧𝑠𝑠𝑠𝑠 − 𝑧𝑧𝑠𝑠𝑠𝑠) − 𝑓𝑓𝑑𝑑                                                  (6)  
  
𝑚𝑚𝑢𝑢�̈�𝑧𝑢𝑢 = −𝑐𝑐𝑠𝑠𝑠𝑠(�̇�𝑧𝑢𝑢 − �̇�𝑧𝑠𝑠𝑠𝑠) − 𝑘𝑘𝑠𝑠𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠𝑠𝑠) − 𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑟𝑟) + 𝑓𝑓𝑑𝑑                                                                                    (7)  
  
To develop a compact and suitable model that encloses Eq. (1) to Eq. (7), which has multiple inputs and outputs, a 
state-space representation was obtained as shown in Eq. (8) to Eq. (9). It is necessary to determine the state space 
variables: x1 = z1 , x2 = 𝑧𝑧1̇ , x3 = z2 , x4 = 𝑧𝑧2̇ x5 = z3 , x6 = 𝑧𝑧3̇ , x7 = z4 , x8 = 𝑧𝑧4̇ , x9 = zst , x10 = 𝑧𝑧𝑠𝑠𝑠𝑠̇ , x11 = zsp, x12 = 𝑧𝑧𝑠𝑠�̇�𝑠 , x13 
= zu, x14 = 𝑧𝑧𝑢𝑢̇ . The 7-DOF QoV system is defined in the following equations:  
  
�̇�𝑥 = 𝐴𝐴𝑥𝑥 + 𝐵𝐵𝑢𝑢𝑢𝑢+𝐵𝐵𝑤𝑤𝑤𝑤                                                                                                                                                      
(8)  
  
In Eq. (8), �̇�𝑥 is the derivative of state vector with respect of time, A is the constant's matrix, Bu is the input vector 
related to the command signal, Bw is the input vector of the irregularities of the road. x(t) is the state vector, u(t) is the 
command input, and w(t) represents the disturbance input from the road profile. Moreover, A , Bu , and Bw are defined 
in Eq. (9).  
  
 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
  𝑘𝑘1 𝐶𝐶1 𝑘𝑘1 𝐶𝐶1   

− − 0 0 0 0 0 0 0 0 0 0  𝑚𝑚1 𝑚𝑚1 𝑚𝑚1 𝑚𝑚1   
   0 0 0 1 0 0 0 0 0 0 0 0 0 0   
   0 0 − 𝑘𝑘3 − 𝐶𝐶3 𝑘𝑘3 𝐶𝐶3 0 0 0 0 0 0 0 0      𝑚𝑚3 𝑚𝑚3 𝑚𝑚3 𝑚𝑚3   
   0 0 0 0 0 1 0 0 0 0 0 0 0 0   
   0 0 𝑘𝑘3 𝐶𝐶3 −𝑘𝑘 −𝑘𝑘2 −𝐶𝐶 −𝐶𝐶2 𝑘𝑘 𝐶𝐶2 0 0 0
 0 0 0   
   𝑚𝑚2 𝑚𝑚2  
   0 0 0 0  0 0 0 0 0 0   
𝐴𝐴 = 𝑘𝑘1 𝐶𝐶1 0 0  𝑘𝑘 𝑘𝑘 0 0 0 0   
,  
 𝑚𝑚 𝑚𝑚    4 4  
 0 0 0  00
 0 0 0 

 𝐶𝐶𝑠𝑠𝑠𝑠     𝑘𝑘𝑠𝑠𝑠𝑠

   0 0 0 0 0 0  𝑚𝑚𝑠𝑠𝑠𝑠

 𝑚𝑚𝑠𝑠𝑠𝑠 0 0   
   0 0 0 0 0 0 0 0 0 1 0 0   
   𝑘𝑘𝑠𝑠𝑠𝑠 𝐶𝐶𝑠𝑠𝑠𝑠 −𝑘𝑘𝑠𝑠𝑠𝑠−𝑘𝑘𝑠𝑠𝑠𝑠 −𝐶𝐶𝑠𝑠𝑠𝑠−𝐶𝐶𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠  
   0 0 0 0 0 0 0 0 𝑚𝑚𝑠𝑠𝑠𝑠 𝑚𝑚𝑠𝑠𝑠𝑠 𝑚𝑚 𝑚𝑚   
   0 0 0 0 0 0 0 0 0 0  
   𝐶𝐶 𝑠𝑠𝑠𝑠  
 [ 0 0 0 0 0 0 0 0 0 0 𝑚𝑚𝑠𝑠 𝑚𝑚𝑢𝑢 𝑚𝑚𝑢𝑢 𝑚𝑚𝑢𝑢] 

3 
𝑚𝑚 2 

3 
𝑚𝑚 2 

2 
𝑚𝑚 2 𝑚𝑚 2 

0 0 0 1 
𝑘𝑘 2 
𝑚𝑚 4 

𝐶𝐶 2 
𝑚𝑚 4 

− 𝑘𝑘 1 − 𝑘𝑘 2 − 𝑘𝑘 4 
𝑚𝑚 4 

− 𝐶𝐶 1 − 𝐶𝐶 2 − 𝐶𝐶 4 
𝑚𝑚 4 

4 
𝑚𝑚 4 

4 
𝑚𝑚 4 

0 0 0 0 0 1 
𝑘𝑘 4 

𝑚𝑚 𝑠𝑠𝑠𝑠 
𝐶𝐶 4 

𝑚𝑚 𝑠𝑠𝑠𝑠 
− 𝑘𝑘 𝑠𝑠𝑠𝑠 − 𝑘𝑘 4 

𝑚𝑚 𝑠𝑠𝑠𝑠 
− 𝐶𝐶 𝑠𝑠𝑠𝑠 − 𝐶𝐶 4 

𝑚𝑚 𝑠𝑠𝑠𝑠 
0 0 

𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠 
𝑘𝑘 
𝑚𝑚 𝑠𝑠𝑠𝑠 

𝐶𝐶 
𝑚𝑚 𝑠𝑠𝑠𝑠 

0 0 0 1 
𝑘𝑘 𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠 − 𝑘𝑘 𝑠𝑠 − 𝑘𝑘 𝑠𝑠𝑠𝑠 − 𝐶𝐶 
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𝐵𝐵𝑢𝑢 = [0  0  0  0  0  0  0  0  0  0  0 − 𝑚𝑚1𝑠𝑠𝑠𝑠  0  𝑚𝑚1𝑢𝑢]T, and 𝐵𝐵𝑤𝑤 = [0  0  0  0  0  0  0  0  0  0  0  0 0 𝑚𝑚𝑘𝑘𝑢𝑢𝑢𝑢]T                           (9)  
  
𝑦𝑦 = 𝐶𝐶𝑥𝑥 + 𝐷𝐷𝑢𝑢𝑢𝑢 + 𝐷𝐷𝑤𝑤𝑤𝑤                                                                                                                                                  (10) 
In Eq. (10), y(t) is the output vector, C is the output matrix, whereas Du and Dw are the feed forward matrices. Besides 
C , Du , and Dw are defined in Eq. (11).  
  
 C = I7, and Du = Dw = [0  0  0  0  0  0  0]T                                                                                                                    (11)  
  
3.2 Passenger Comfort Oriented Controller   
The next step is to design the passenger’s comfort-oriented control strategy to the 7-DOF semi-active suspension 
system. To achieve this task, Skyhook control law, specially designed to increase passenger comfort, was developed.  
This control strategy sets a virtual damper between the vehicle body and the imaginary sky (Nouillant et al. 2001). 
The equations governing Skyhook control are defined in Eq. (12).  
  
𝑓𝑓𝑑𝑑 = { 𝑐𝑐𝑠𝑠𝑘𝑘𝑦𝑦𝑣𝑣𝑠𝑠,     𝑖𝑖𝑓𝑓 𝑣𝑣𝑠𝑠𝑣𝑣𝑢𝑢 > 0                                                                                                                                         (12)  

0,              𝑜𝑜𝑠𝑠ℎ𝑒𝑒𝑟𝑟𝑤𝑤𝑖𝑖𝑠𝑠𝑒𝑒  
  
As shown in Figure 2, the Skyhook controller acts as a regulatory system. Taken from the vector 𝒙𝒙(t), the velocity of 
the chassis vs and tire vu go into the feedback loop as inputs to the controller. The controller decides according to Eq. 
(12) and obtains fd which closes the loop as the actuator´s force u(t). It is noticed in Figure 2 that the road profile w(t) 
is the disturbance signal.   
  

  
 

Figure 2. Semi-active suspension system in closed loop with a Skyhook controller.   
For the feedback signal, the chassis velocity (vs) is x12, whereas the tire velocity (vu) is the state variable x14.  

  
The csky gain of the skyhook controller contributes to generate a force, proportional to the speed of the suspended mass, 
to be applied into the suspension. According to the theory (Goncalves 2001), the value of csky can be of the order of 
the damping constant c in a passive suspension. For city vehicles, this value is in the range between 1,000 and 6,000 
Ns / m. If the chassis is connected to an inertial frame on the sky by means of a damper and it is desired that the chassis 
hardly moves, this value should be large.   
  
Various tests were performed for different values of csky such as 4,000 Ns/m, 5,000 Ns/m, and 6,000 Ns/m. The result 
generated with 5,000 Ns/m was chosen to report results because the displacements were considerably reduced with 
respect to the passive suspension, and the body accelerations were barely affected, with respect to the passive 
suspension.  
  
3.3 Performance Criteria  
The impact of the control strategy on passenger comfort, is going to be evaluated according to defined performance 
criteria in frequency and time domains. Considering the vertical dynamics, the resonance frequencies of the organs of 
a sitting person are between 1 and 6 Hz for: stomach, chest, spine, among others (Bhagwan et al. 2012); hence, the 
objective is to reduce the transmissibility in this frequency range to improve the feeling of comfort. The performance 
criteria in frequency-domain were adapted from those explained in Wong (2001) and Piñón et al. (2021). Regarding 
the passenger, displacements and accelerations performance criteria are applied for all the sprung masses, i.e., head, 
chest, stomach, pelvis-legs, as well as seat and chassis. In addition, a road holding criterion to measure vehicle stability 
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is presented to keep track of this requirement, and a means to detect if the suspension travel is within the physical 
limits.  
  

1. Ride comfort (0-4 Hz) at low frequencies. The objective is to minimize the resonance peak near sprung 
resonance (around  1.1 Hz for a standard city automobile) and keep the transmissibility (zsprung / zr) below 2. 
The disturbance signal has the following representation: zr = 0.015sin(ωt)  (m).  

2. Time domain. The main purpose is to decrease, as much as possible, the settling time and the overshoot of 
chassis displacement and acceleration, tire displacement, as well as suspension deflection. The disturbance 
zr is a road bump-like signal.   

3. Road holding (0-15 Hz). To keep the tires in contact with the road surface and guarantee vehicle stability, 
keep the transmissibility (zus/zr) below 2 to reduce the maximum peak between [9-12] Hz for an average city 
vehicle.   

4. Suspension Deflection (zsp - zu). Keep this measurement within the physical limits of the shock absorber to 
avoid an excessive suspension wear-off. The herein case study considers an intelligent damper whose 
displacement physical limits are ±2.5 cm from the zero-equilibrium position physical limits (Sireteanu et al. 
2001).   

  
4. Data Collection  
The QoV analysis was executed in Matlab-Simulink. In this environment, .m scripts were programmed to load the 
numerical values into the workspace, run the simulations in the Simulink .slx file, collect the data in the workspace 
and generate the response graphs in the time and frequency domain. For both passive and semi-active suspensions,  
the work was performed with blocks that represented the models in the state-space. The corresponding inputs were 
applied, and the results were graphed in the Simulink scopes, and were also sent to the Matlab workspace to generate 
the graphs by means of the script.   
  
To give a certain level of validity to the study, the numerical values of the elements of the 7-DOF suspension shown 
in Figure 1, were taken from Cheng et al. (2016) and Singh (2018) as listed in Table 1. The system was subjected to 
different inputs in the time and frequency domains, which represented the disturbances of the road profile. From this, 
responses from the masses of the system were obtained and evaluated between the passive and semi-active suspensions 
according to the performance criteria mentioned in Subsection 3.3.   
  

Table 1. Numerical values for the simulation work  

mass  value (kg)  spring  value (N/m)  damper  value (Ns/m)  

m1  6.184  k1  186,700  c1  1,194  

m2  12.65  k2  41,520  c2  956.4  

m3  10.76  k3  31,240  c3  837  

m4  21.16  k4  120,700  c4  1,850  

mst  25  kst  7,550  cst  850  

msp  325  ksp  20,000  csp  1,550  

mu  40  kt  180,000  csky  5,000  

  
  
5. Results and Discussion  
5.1 Time-domain Results   
To analyze the suspension's performance, it must be during transient response. This is usually tested by the automotive 
suspension’s response when disturbance is a road bump like signal as explained in Félix-Herrán et al. (2016). The 
objective is to decrease the overshoot and settling time of body masses’ displacement as well as the accelerations. The 
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results are shown in Figure 3, where accelerations and displacements are presented in time-domain, along with the 
road bump is 3.0 cm high, which is also included in Figure 3.  
In Figure 3, the results show that the active suspension with skyhook decreased its overshoot and settling time, for 
displacements and accelerations, with respect to the passive suspension, for all sprung masses. According to the 
performance indices in Subsection 3.3, this phenomenon improves the feeling of comfort. However, the chassis’ 
acceleration gets worse with the active suspension. This is due to the control law that, due to its non-linear nature and 
the use of IF…THEN rules, generates abrupt responses on the chassis because it is connected to the actuator.  
  
In addition, slight differences are observed in the displacements of the different DOF, mainly between the person, the 
seat, and the chassis. This is relevant because by moving to the 7-DOF model it is possible to analyze the dynamics 
of the body in more detail.  
  
Regarding stability, it is observed that the displacement of the tire, for both suspensions, is almost equal to that of the 
road profile, so in both cases it can be considered that there is road holding (vehicle stability). Besides, suspension 
deflection is always inside the physical limits defined in Subsection 3.3 and reduces the maximum zsp - zu displacement 
achieved by the passive suspension.   
  
5.2 Frequency-domain Results   
The semi-active suspension system with skyhook control complies with the performance criteria presented in 
Subsection 3.3 and improves the passive suspension performance. Figure 4 shows the simulation results in frequency 
domain.  
  
In Figure 4, it can be observed that, the active suspension contributes to have smaller transmissibility peaks for the 
body masses as well as the seat and chassis when compared to the passive suspension. The reduction in the gain peaks 
becomes approximately 50% with respect to the passive suspension. In addition, the active suspension decreases the 
suspension deflection at the first resonance peak around 2 Hz and contributes to a faster decay just after passing the 
second resonance frequency around 10Hz. As for road holding, (zu/zr) remains below 2, like the passive suspension, 
and practically within the physical limits of the shock absorber extension. Moreover, the performance of the passive 
suspension is even slightly improved for this criterion.  
  
5.3 Proposed Improvements  
It is convenient to continue the comparisons between the 3-DOF and the herein 7-DOF models to analyze in more 
detail, the differences in displacements and accelerations for each mass. It is also proposed to study the response for 
random inputs, which excite the system better than a sinusoidal signals. This proposal would reinforce the advantages 
and/or disadvantages of a 7-DOF suspension model against a 2-DOF or 3-DOF ones. Another improvement would be 
the control approach. The skyhook control law is part of a broader strategy that is the hybrid controller. This controller 
includes skyhook (comfort-oriented) and groundhook (stability-oriented) that are connected by an equation that adds 
weights to each control definition. It would be convenient to apply a hybrid controller to seek to improve comfort and 
stability simultaneously.  
  
5.4 Validation  
Validations were performed throughout the research process as comparisons between the expected results for 2-DOF 
and 3-DOF against the 7-DOF model. It is known how the displacements and accelerations should behave for the 2 
and 3 DOF in time and frequency domains, as well as the expected resonance frequencies for the suspended masses 
(around 1.5 Hz for the chassis, and between 1 to 5 Hz for the body) and unsprung mass (around 10 Hz), so the 
suspension model developed herein, and the solution closed loop complies with these behaviors.  
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Figure 3.  Time Domain displacements and accelerations  
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Figure 4.  Frequency-domain results  
  

6. Conclusion and Future Work  
A suspension model was obtained to study the vertical dynamics of a one-quarter vehicle. This model allows to analyze 
in more detail the vertical dynamics of different parts of the body of a seated passenger, the seat frame, and the chassis. 
The simulations allow to detect differences between the masses of the system and not perceptible dynamics are 
highlighted in a 2 or 3 DOF model. According to the degrees of freedom, using the 7-DOF model provides an 
advantage since it has more masses to study in more detail the effects of the road disturbances on: head, chest, stomach, 
and pelvis-legs. It is a model that represents more aspects of vertical dynamics, but that avoids the complexity of other 
models reported with up to 10 or more DOF.  
  
It was also demonstrated that the suspension model developed is control-oriented, stable, and that it allows to continue 
investigating ways to improve passenger comfort and vehicle stability. With the obtained results in the frequency and 
time domain, it can be observed that an active approach contributes to a better passenger comfort, in terms of the 
performance criteria, in comparison to the passive suspension.   
  
Finally, to improve the 7-DOF model, more studies with different disturbance signals such as random profiles, are 
contemplated to be studied. Comfort for the passenger and vehicle stability are also consider for future work via the 
application of another control approaches, e.g., Groundhook or Hybrid (Groundhook + Skyhook) approaches. 
Moreover, this study could be extended towards half and full vehicle, vertical dynamics.  
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