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Abstract: Drivers of heavy trucks are exposed to large amounts of vibration which can lead to 
serious health risks. Many suspension systems/methods can be used to isolate these transmitted 
vibrations, such as vehicle suspension systems, cabin suspension systems and seating suspension 
systems. The central idea of the work is to identify the research gaps and raise our future research 
questions in this specific area. The novelty of this paper is proposing a model predictive controller 
for active vibration control of seating suspension systems. A systematic literature review of the 
existing work of the vibration control of seating suspension systems has been conducted. Various 
control techniques that are used in the seating suspension systems have been summarized and 
evaluated. This paper focusses on the biodynamic model of the driver and seat for the first step 
needed in the design of the seating suspension system. Then, it illustrates the different types of the 
system vibration controls and their performance evaluation methods. At the end, the paper details 
several active seating suspension systems including their actuation system structures and control 
algorithms which are used in the heavy vehicle trucks. 

Keywords: active seat suspension; biodynamic model; ride comfort; vibration control methods; 
model predictive control 

 

1. Introduction 

Drivers of heavy trucks experience the whole body vibration (WBV) because they spend most 
hours driving for a long distance, which will result in discomfort of the diver [1]. Various elements 
can affect the ride comfort of the driver such as the road roughness, vehicle suspension system and 
seat suspension system [2]. In addition, the noise and vibration generated from internal combustion 
engines play a minor effect on the drivers’ discomfort as well [3]. As a result, human body subjected 
to the vibration can suffer from adverse health effects such as fatigue, back pain, motion sickness, 
nervous disorders, spline fracture [4]. 

Researchers in the field of WBV have classified the vibration assessment measures into three 
categories namely: the mechanical impedance, apparent mass and seat to head transmissibility [5–7]. 
These function categories are used to assess the human body subjected to the vibration. The 
mechanical impedance is defined as the periodic excitation force at a certain frequency divided by 
the resulting vibration velocity [8]. The apparent mass is expressed as the periodic excitation force at 
a certain frequency over the resulting vibration acceleration. The seat to head transmissibility is 
known as the response motion of the head divided by the response motion of the seat floor or seat 
base. The vibration acceleration data from experimental measurement is extensively used to analyze 
the WBV [9]. 

In the recent studies, various approaches were proposed to improve the ride comfort and avert 
the fatigue risks associated to the human body. Some researchers have improved the vehicle 
suspension system to reduce the input vibration into the human body [10–12], while others focus on 



Appl. Sci. 2020, 10, 1148 2 of 24 

enhancing the vehicle seat suspension design [13]. Similarly, few studies integrated both the vehicle 
suspension system and seat suspension system to isolate vibration transmitted to human body 
[14,15]. On the other hand, reducing the vibration transmitted through vehicle cabin suspension 
system was investigated [16]. In this paper, the main interest will be directed toward the seat 
suspension system and its control methods and implementations. The main contribution of this paper 
is in providing a systematic review about the active vibration control of seating suspension systems 
including their actuation system structures and control algorithms. 

The advantage of the work is identification of the research gaps and clarification of the future 
research questions. The paper is organized as follows: Section 1 provides the overview about the 
biodynamic model of seat suspension system combined with human body. Section 2 presents the 
source of vibration that can transmitted to the human body. Section 3 shows the ride comfort 
evaluation methods. Section 4 addresses the type of suspension systems and analyses the importance 
of the integrated seat suspension with vehicle suspensions. Section 5 studies the actuator types used 
in the active seat suspension. Section 6 demonstrates the overview of the existing active seat 
suspension structure design. Section 7 evaluates the recent control methods applied in the active seat 
suspensions. Section 8 will identify research gap and research questions. Finally, Section 9 will 
conclude this review. 

2. Biodynamic Model of the Human Body 

To improve the ride comfort of the seated human being in a vehicle, the seating suspension 
system with seated human body must be modelled [17]. In the prevailing literature, most studies 
considered the mass on the seat as a rigid dummy mass which is assuredly incapable to provide 
accurate information about the dynamic behavior of human body parts under vibration road 
excitation [18]. Recently, several researchers have paid more attention to the development of a 
mathematical model of the human body as a biodynamic model, considering the seated human 
posture, rather than a rigid dummy mass to certify high precise system modelling [19,20]. Some of 
system models have been built using field experimental data results [21]. 

The biodynamic model can be divided into three classes: lumped models, finite element model 
and multibody human model. The lumped model is widely used since it considers the human body 
as spring and damper. It can be modelled as 1 degree of freedom (1 DOF), 2 DOF or 3 DOF. The finite 
element model is a powerful discretization technique which considers the human body as a model of 
finite degree of freedom where the human body model parameters are normally obtained 
experimentally through the human corpses [22,23]. The multibody human model is more 
complicated scheme than the lumped model since it considers the human body as a complex model 
whose properties result from connecting the rigid bodies through a pin and a socket joint [24]. In this 
review paper, all the representative research papers presented the seat and vehicle suspension system 
as a lumped system model consisting of mass, spring and damper because it provides simple 
mathematical equations in both time and frequency domain. 

The lumped mass–spring–damper system model was used to represent the human body model. 
A seating suspension system model with the seated human body generally varies in terms of 
structure complexity represented by degree of freedom starting from 1 DOF into 15 DOF, which 
typically depends on the number of body lumped masses connected through the springs and 
dampers [25]. For simplicity, the majority of studies have considered the seat suspension system 
model with a seated driver body as 1 DOF as presented in Figure 1a, which is mainly composed of a 
single stiffness, mass and damper [26–28], while others have used 2 DOF to model the seat and human 
body suspension system as illustrated in Figure 1b. The 2 DOF system is widely used in the vibration 
field due to its simple structure and it can offer more information about the model dynamic 
parameters than the 1 DOF system [29]. Some studies have presented the human body system of 
neck, pelvis, head and torso as 4 DOF in addition to the 1 DOF seat structure as shown in Figure 1c. 
Therefore, the 4 DOF is the best representation of the seated human body among all the DOF models 
because it can provide the most accurate parameter estimation of the human body system model [30]. 
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Figure 1. Biodynamic model of the seat with human body. (a) 1 degree of freedom (DOF) 
representation. (b) 2 DOF representation. (c) 4 DOF representation. 

3. Type of Vibration 

Vibration can be transmitted to the human body from the multi-axis directions as shown in 
Figure 2 where the vibrations are along the three longitudinal directions of x, y and z axes and along 
the three rotational axes of the roll, pitch and yaw. The vertical vibration in low frequency range 
especially from 3 to 10 Hz is the most severe vibration which affects the human comfort during 
driving [31]. Normally, the head and spine mostly resonate near 4 Hz, which is found to cause the 
high impact on the human body health [32], while the other vibration directions can slightly affect 
human comfort when driving the vehicle [33]. Hence, many methods are used to evaluate the WBV 
inside the vehicle, which will be presented in the next section. 

 
Figure 2. Whole body vibration (WBV) of the human body [9]. 

4. Vibration Evaluation Metrics 

4.1. The Weighted RMS Acceleration Value in ISO 2631-1: 1997 

Various methods have been developed to evaluate the ride comfort of the passengers [34]. The 
most popular method is the ISO 2631-1: 1997 which is proposed by the international organization for 
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standardization (ISO) [35]. This method is the most widely used to evaluate the WBV using the 
calculation of the weighted RMS acceleration as defined in Equation (1). 

𝑎 ,  =  (𝑊(𝜔) 𝑎  (𝜔)) .  , (1) 

where 𝑎  presents the RMS acceleration at the frequency 𝜔, and 𝑊(𝜔) is the weighting factor 
which is plotted in a diagram stated in the ISO 2631:1997. 

The value of 𝑎 ,  is compared with the level of comfort in the table which is specified in 
ISO 2631:1997. Table 1 presents the comfort level scales suggested by the ISO 2631standard.  

Table 1. Comfort level scales of the ISO standard [35]. 

Weighted Acceleration (𝒎/𝒔𝟐 ) ISO Comfort Level 
<0.315 Not uncomfortable 

0.315–0.63 A little uncomfortable 
0.5–1 Fairly uncomfortable 

0.8–1.6 Uncomfortable 
1.25–2.5 Very uncomfortable 

>2 Extremely uncomfortable 

On the other hand, ISO 8041-1:2017 is an international standard which is essentially used to 
assess the human response to vibration through the instrument vibration design. It principally 
specifies the performance specification for instrument designed to measure the vibration values. 
Vibration instruments specified in ISO 8041-1:2017 are intended to measure vibration for hand 
transmitted vibration, whole body vibration or low frequency whole body vibration [36]. The time 
averaged weighted acceleration value can be expressed mathematically as 

𝑎 = 1𝑇 𝑎 (𝛿) 𝑑𝛿   

where 𝑎 (𝛿) presents the translational or rotational frequency weighted vibration acceleration in a 
specified direction as a function of instantaneous time; 𝑎 (𝛿)  is given in meters per second 
squared (m/s2) or radians per second squared (rad/s2). 

4.2. VDV Value 

The one fourth power vibration is another evaluation method that differs from the RMS 
acceleration since it is more sensitive to the road roughness and peak [37]. The one fourth power 
vibration is well known as Vibration Dose Value (VDV). It can be expressed mathematically by 𝑉𝐷𝑉  = 𝑎 (𝑡)  𝑑𝑡 , (2) 

where 𝑎  is the frequency weighted acceleration, and VDV is the vibration dose value (𝑚𝑠 . ) and 
T is the total period of the day in seconds (s) 

4.3. SEAT Value 

Seat Effective Amplitude Transmissibility (SEAT) is also an evaluation method used to assess 
the seat comfort through the Power Spectral Density (PSD) [38]. It is used to reflect the performance 
of seating suspension as a predictor of the comfort of the seated occupant. Its mathematical 
representation is given by Equation (3) 𝑆𝐸𝐴𝑇 = ( )( ) , (3) 

where 𝑥  is the frequency weighted root mean square value of vehicle floor input acceleration; 𝑥 is 
the frequency weighted root mean square value of the seat output acceleration. 
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5. Type of Suspension Systems 

There are three types of suspensions used to minimize undesirable vibration in the driver-seat 
structure system, namely, passive, semi-active, and active. However, some types of these suspensions 
fail to reduce the vibration under certain frequency ranges due to the high cost and excessive energy 
consumption [39]. All the above-mentioned suspension types can be operated by either hydraulic, 
pneumatic or electrical actuators. Passive suspension system is a conventional vibration isolator, 
which can attenuate the vibration only at a certain frequency range specifically in the high frequency 
range [40]. However, it fails to reduce the vibration at the low frequency domain practically from 1 
to 10 Hz. It mainly consists of spring and shock absorber, which is well known as a damper. The 
spring stiffness and damping coefficient should be optimized properly to provide ride comfort in the 
high frequency range. An actuator can be added to the spring and damper to convert the passive 
suspension into an active suspension system, or a variable damper such as MR damper with a 
feedback control system can replace the conventional damper to form a semi-active suspension 
system. 

Semi active suspensions comprise of a shock absorber that is essentially used to regulate and 
control the suspension damping by adjusting its parameters [41]. The required control force can be 
obtained according to the adjustable shock absorber position and its damping force. The MR and ER 
semi active suspensions are the most popular dampers being used recently because they work 
effectively to provide a quick response for energy dissipation level in the low-mid frequency range. 
However, a poor performance can be generated in the high frequency rang due to the specific 
dynamic range of the ER and MR fluid [42,43]. 

Active suspension system is an actuator-based system, which can reduce the seated human body 
vibration [44]. It is a computer-controlled suspension system that takes advantage from both 
mechanical and electronics aspects. Operationally, the sensors send the signals into the controller, 
which produces a control force signal fed into the active suspension system. The active suspension 
actuator then generates an opposite force that eliminates the spring deformation. In the active seat 
suspension, the actuators provide an energy which allows the seat to move vertically with respect to 
its base. It provides a good vibration attenuation regardless the road disturbances and noise variation. 
Figure 3 displays the type of suspension systems. 

 
Figure 3. Seat suspension system. (a) Passive seat suspension. (b) Active seat suspension [45]. 

5.1. Multiple Degrees of Freedom Vibration 

In the last few decades, most of the studies have paid more attention to suppressing the vibration 
that essentially comes from the vertical direction only [41]. However, the human body can be exposed 
to the vibration from different directions such as lateral and rotational directions. Undoubtedly, the 
effects of the vibration, which comes from all the other directions are not as severe as those from the 
vertical direction. Plenty of researches have been conducted on the 1 DOF active seating suspension 
system in the vertical vibration, whereas other researches have been focused on multiple DOF seating 
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suspension system in multiple axis directions, for example, in the vertical and horizontal vibrations 
[46] or vertical and longitudinal vibrations [47]. Different types of actuators with various mechanism 
structures are normally adopted in these multiple DOF seating suspension systems. 

Some multiple DOF active seating suspension systems have been reported. The force and 
stiffness control method was used to reduce the vertical and lateral vibration generated from the 
forest machinery [48]. The proposed seat was designed by El Shobaki as illustrated in Figure 4 where 
the seating suspension structure consists of four pneumatic cylinders. The four pneumatic cylinders 
can rotate around the lateral axes. The seating suspension structure provides a smoother movement 
and more reliable performance than the conventional design. The seat basically can be moved based 
on the opening valve of the cylinder for each pneumatic system, where the input of the servo valves 
is the control signal directed from the F-K controller. 

 
Figure 4. CAD model of the seating suspension structure [43]. 

Another 2 DOF active seating suspension system was designed to eliminate the vibration in the 
vertical and roll axis directions [49]. The seating suspension structure system consists of two layers: 
The bottom layer was used to control the vertical vibration, and the top layer was primarily designed 
to reduce the roll vibration. Figure 5 shows the structure of the active seat suspension. 

 
Figure 5. Multiple DOF active seating suspension system [49]. 

The seat suspension was designed for the military vehicle to reduce the effect of the vibration in 
the vertical and lateral directions as reported in [50]. A 2-DOF active seating suspension system was 
proposed to reduce the vibration in the vertical and pitch directions [51,52]. The scissor structure 
mechanism was adopted on the base frame to reduce the vibration in the vertical direction. The 
attached tilting platform on the top of the seating suspension was proposed to control the pitch 
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motion [51]. The experimental test results showed that the active seating suspension system is stable 
in the low frequency range of 0–5 Hz. 

Few recent studies have studied the effects of the WBV in the fore-aft and horizontal directions 
[53–55]. The worst frequency range which affects the human body in the horizontal direction is from 
1–2 Hz [56]. These studies were carried out under three categories: vertical axis direction only (z), 
horizontal axis direction only (x) and combination of both the vertical and horizontal axis directions 
(z and x) with a driver mass variation from 60 kg to 90 kg. The results showed a minor impact on the 
backrest under low frequency range due to the cross coupling between the vertical and lateral axes 
[57]. Evidently, the majority of studies confirmed that the horizontal vibration is insignificant in 
influencing the WBV in many cases [58,59]. 

5.2. Integrated Active Seat Suspension with Vehicle Suspension 

In the last few decades, the majority of studies have been developed to integrate the seat 
suspension with the vehicle suspension to provide high performance in the ride comfort since design 
strategies of control force can be implemented in both the seat and vehicle suspensions taking into 
the account the road disturbance that can be applied direct to the vehicle wheels rather than to the 
cabin floor [60,61]. Additionally, the seat suspension system normally integrated with the vehicle 
model can be evaluated for the seat performance considering different features such the tire 
deflection and suspension stroke [62]. There are three types of vehicle suspension model, namely: 
full, half and quarter vehicle suspension models. For the most recent studies, the quarter vehicle 
suspension model has been extensively used to examine the vertical vibration of the human body 
due to the simple mathematical model that includes all essential parameters. However, the quarter 
vehicle suspension model cannot provide a clear information about the pitch and roll motions like 
the half and full vehicle suspension models do. In [14,63], the researchers have integrated the active 
seat suspension with the quarter car suspension and considered a driver human body as a four degree 
of freedom (DOF). Robust 𝐻  control method has been implemented with both the state and static 
feedback controllers [14]. The active seat suspension and the vehicle suspension have been controlled 
separately, and the results of the separate controls have been compared with those of the integrated 
seat and vehicle suspension system [63,64]. It was shown that integrated control system has better 
ride comfort performance than the separate control systems. However, it is difficult to implement the 
active suspension vehicle with the active seat suspension in the real application due to the high cost, 
control design algorithm complexity and vehicle energy consumption. Figure 6 shows the active 
quarter suspension model with active seat suspension system. Table 2 summarizes the current work 
in active seat suspension in multiple vibration directions. 

 
Figure 6. Integrated active quarter suspension and seat suspension system [64]. 
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Table 2. Summary of the current active seat suspension systems in multiple vibration directions. 

References  
Type of 

Actuator 
System 

Degree of 
Freedom  

Summary 

[48] 
Pneumatic 

actuator  

Vertical and 
lateral 

translation 

Decoupled controllers were designed in the frequencies between 0.5 and 
1 Hz. Experimentally measured vibration amplitude reduction in a 

single direction is 70%. Reduction of 20% is evident when the lateral and 
vertical vibration controls are integrated 

[50] 
Linear 

actuator + Air 
spring  

Vertical and 
lateral 

translation  

Dynamic feedforward Controller (DFC) and Hybrid Vibration Control 
(HVC) were used. Experimentally measured vibration amplitude 

reductions in the vertical direction are 39% and 36% using HVC and 
DFC, respectively. No reduction in the lateral direction was observed. 

[51] 
Hydraulic 
actuator 

Vertical and  
pitch motions  

Fast Fourier Transform (FFT) analysis based on ISO 5007. 
The results showed that the active seat suspension is stable in the 

frequency range of 0–5 Hz.  

[49] 
Rotary servo 

motors  
Vertical and 
roll motion  

Two decoupled controllers were implemented. Experimentally 
measured vibration amplitude reductions in FW-RMS are 29.8% in 

health evaluation and 23.6% in ride comfort. 

6. Actuators Used in the Active Seat Suspension System 

Certain types of actuators have been implemented to drive the active seat suspension in different 
directions. These actuators are divided into three categories, namely: hydraulic, pneumatic and servo 
actuators. Some moving machinery vehicles are driven by hydraulic power. Therefore, it is 
advantageous to adopt a hydraulic actuator for the active suspension system, while pneumatic and 
servo actuators are used for the other systems. The main problem related to the pneumatic actuators 
is that they need more energy to keep the enough air pressure in the source. Furthermore, they 
require much longer response time to the control signals due to the air compressibility. In addition, 
the mathematical model complexity of the system makes the pneumatic actuators less reliable and 
less convenient [65]. 

Air springs have been extensively used in the seat suspension and vehicle suspension systems 
of heavy trucks because the pressure inside the spring is changeable and would provide an extra 
comfort and ride quality [66,67]. Recently, it was found that the air spring has a significant advantage 
over the coil spring as the spring rate varies with the supplied air pressure and makes the seat 
suspension stiffness consistent and reliable. 

Plenty of studies have used rotatory motors to drive the active seating suspension system in the 
vertical direction by varying the motor torque though a control signal. They have been shown to have 
sophisticated advantages over linear motors in terms of the low cost and low energy consumption. 
Additionally, the rotary motor can be integrated with a gear reducer to provide a required high 
torque to drive the active seating suspension system. 

7. Active Seating Suspension System Structure Design 

Various active seating suspension system structures have been implemented for vibration 
control. The most popular structure mechanism is the scissor structure which takes in a x shape. It 
was designed with air spring as shown in Figure 7 [68]. The bottom plate of the seat base was fixed 
to the cabin floor and the top plate was connected to the seat chassis. The air spring was placed inside 
the inner scissor structure while the shock absorber linked the top and bottom plates of the seat base. 
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Figure 7. Scissor structure of active seating suspension system [64]. 

The seating suspension system structure shown in Figure 8 consists of a scissor structure 
mechanism, a hydraulic absorber and a pneumatic spring. The air flow inflates the air to the 
pneumatic spring through two valves that are controlled using a control signal. Hence, the air 
pressure is always changing inside the air spring generating an active force to drive the seat in the 
vertical direction [69]. 

 
Figure 8. Active seating suspension system structure [69]. 

Another structure of the active seating suspension system proposed consists of two linear 
electric motors, which can slide independently along the vertical and lateral directions [50]. The 
vertical linear motor was placed in the backrest of the seat while the lateral linear motor was placed 
under the seating surface as illustrated in Figure 9. The air spring was implemented in the vertical 
direction to achieve the desired seat level. 

 
Figure 9. CAD model of active seating suspension system [50]. 
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The seating suspension system consists of passive and active suspension systems [70]. The 
passive suspension system consisting of the coil spring and adjustable damper to support the driver 
body and seat pan. The active suspension system is composed of two parallel linear actuators to 
generate the active control force. Two bar lever mechanisms were used to support the seat pan. The 
seat can move vertically through the linear sliders placed at the seat rail as shown in Figure 10 [70]. 

 
Figure 10. Mechanical design of active seating suspension system [70]. 

The following seating suspension system structure consists of three active mounts and one 
vibration exciter where three accelerometers are used to measure the acceleration of the human body 
as illustrated in Figure 11 [71]. The seat was supported with three passive springs. At the middle of 
the seat base, the vibration exciter was placed to produce a displacement out as a real road profile. 

 
Figure 11. Structure of active seating system [71]. 

A seating suspension system structure that is mainly used to eliminate the vibration in the 
vertical and pitch directions for an agriculture tractor was implemented in [51]. The active seating 
suspension system with a scissor structure mechanism was driven by a hydraulic actuator in the 
vertical direction. The hydraulic damper was used in parallel with the hydraulic actuator to absorb 
the shock during operation. Another actuator was attached to the upper frame with a tilting platform 
to control to the pitch motion as seen in the Figure 12 
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Figure 12. Active seating suspension system scheme [51]. 

8. Control Methods Used in the Active Seating Suspension System 

In the last few decades, researchers have made considerable efforts in the seating suspension 
system control algorithms to achieve ride comfort and reduce vibration. The control algorithms and 
techniques of active seating suspension system have been improved from the conventional 
controllers such as PID controllers to a modern control system like Linear Quadratic Regulator (LGR), 
then to the smart and intelligent controller such as Fuzzy Logic Controller (FLC) and Artificial Neural 
Network (ANN) to an advanced control algorithm such as H infinite (H∞) and Sliding Mode 
Controllers (SMC). In addition, hybrid controller methods such as PID-FLC and SMC-PI have been 
designed by many researchers. Generally speaking, the main aim of the researches is to come up with 
a simple structure and robust performance controller to achieve the required design. In this section, 
several control strategies of the active seating suspension system will be discussed in detail. 

8.1. Robust 𝐻  Controller 

In the early 1980s, a new controller strategy was proposed by Zamas and Francis called H∞ [72]. 
The H∞ controller is an optimal control theory developed in the frequency domain which addresses 
the feedback design issues related to robustness [73]. It has been used extensively in many research 
fields and applications due to the mathematical optimization solutions and has a superior advantage 
over classical controllers. It is applicable to provide high stability performance of the plant in present 
of disturbances and noises. However, it requires a high level of mathematical understanding and 
large control efforts [74]. Figure 13 illustrates the standard H∞ configuration where P(s) is the 
generalized plant; w is the external input; z is the output signal, which contains the performance and 
robustness measurements; u is the vector control signal; y is the plant output vector to the controller 
K. The main objective of the H∞ is to find a feedback controller gain K to minimize the output z. 
Generally speaking, the controller gain K should minimize the H∞ norm that is min ||𝑇 || . 

 
Figure 13. Standard H∞ configuration [73]. 

The mathematical model of the above closed loop system is represented as follows 
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Since z must be minimized, therefore, it can be written as 𝑧 = 𝑃 + 𝑃  𝐾(𝐼 − 𝑃 𝐾) 𝑃 𝑤 = ℱ (𝑃, 𝐾)𝑤, (5) 

where ℱ (𝑃, 𝐾)𝑤 is the lower linear fractional transformation of P and K. The design objective becomes 𝐾  ||ℱ (𝑃, 𝐾)𝑤||  (6) 

and is referred to as the H∞ optimization problem. 
H∞ strategy has been intensively used in the active seating suspension system control [75]. In 

[76] the author used the static feedback H∞ controller with friction compensation based on the seat 
acceleration, suspension relative displacement and suspension relative velocity. An acceleration 
measurement-based observer was designed to estimate the friction. The state feedback controller 
with friction estimation was built as 𝑢 = 𝐾𝑋 + 𝑓 , (7) 

where K is the state feedback gain, and 𝑓  is the estimated friction. 
The experiment was conducted under the sinusoidal excitation in the frequency range of 1−4.5 

Hz, bump road excitation and random road excitation. The acceleration Power Spectral Density (PSD) 
and ISO 2631-1 were used to evaluate the seating suspension system comfort performance. The 
experimental results indicated that the seating suspension system comfort performance was 
improved from a little uncomfortable of 0.6267 m/s2 RMS acceleration to a not uncomfortable of 
0.2615 m/s2 RMS acceleration. 

H∞ controller was used in the active vibration cancellation to reduce the vertical vibration of a 
vehicle seat and guarantee the stability [71]. The external disturbances were constructed as additive 
uncertainty and unmodelled dynamics. A hybrid structure consists of feedforward and feedback 
controller were designed to increase the robustness of the active seating suspension system. The 
active seating suspension system was tested under a random broadband excitation. The experimental 
results showed a vibration attenuation in the real time control by 3.3 dB. However, the active seating 
suspension system comfort performance became degraded when the random excitation was applied. 

Plant uncertainty such as actuator saturation, suspension deflection and tire deflection were 
considered when designing a novel optimal approach of the active seating suspension system based 
on output feedback H∞ controller [77]. The Linear Matrix Inequality (LMI) was applied to obtain the 
desired controller. The active vehicle and seat suspension model were mainly used to minimize the 
vertical acceleration of the driver to ensure the ride comfort. The seat and human model were 
considered in the vehicle model. Three types of road profiles were applied to excite the active vehicle 
and seat suspension system namely: bump road profile, type C road profile and combination of the 
bump and type C road profile. The simulation results showed that the proposed controller can 
provide a good vibration attenuation under the road disturbances. However, the effect of the non-
linear factors and input delay were not included in the study. 

Takagi–Sugeno fuzzy control based on a disturbance observer was applied to improve the ride 
comfort of the driver [45]. Disturbance observer was used to estimate all possible disturbances caused 
by model simplification, friction force and actuator saturation. The driver mass variation was 
estimated using T-S fuzzy control. The H∞ feedback controller was designed based on the acceleration 
and suspension deflection which could be measured during the real application. The bump and 
random road profiles have used to validate the proposed controller with different driver masses of 
55 kg and 70 kg. The RMS accelerations using the H∞ feedback controller was significantly decreased 
by 45.5% when compared with those using a passive seat suspension under the bump road test and 
reduced by 49.5% under the random road profile. However, the driver mass was assumed to be 
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known in the experiment. The estimation parameter algorithm of the real driver mass was not 
illustrated in the paper. 

A robust H∞ sampled data control based on input saturation is proposed in [78]. The passenger 
dynamic model and the seating suspension system model were considered in the active suspension 
system model to ensure a high precise dynamic model, which contains all uncertainties related to the 
system. The robust controller was designed to meet some criteria such that the body acceleration 
must be small to ensure a high level of ride comfort under road disturbances. The seat deflection 
must not exceed the maximum allowable stroke of the suspension to ensure the safety of the seat, 
and finally, the dynamic tire load must be smaller than the static load [79]. The proposed controller 
was validated through a practical design example. 

A H∞ controller for active seating suspension system within a chosen finite frequency range was 
reported in [80]. The chosen frequency was considered as 4 Hz at which the severest vibration is 
transmitted into the human body. The results in the entire low frequency range and in a finite 
frequency range were compared. A better performance of the proposed controller in a finite 
frequency range was guaranteed in terms of the disturbance attenuation. 

8.2. Preview Controller 

Preview controller is a type of controller that has been used to control the vehicle active 
suspension system [81,82]. It was proposed by Bender in 1968. It mainly depends on the road profile 
measurement of the wheels or vehicle suspension. There are two types of the preview control which 
are called the look ahead and the wheelbase. The look ahead preview control normally obtains the 
information from the vehicle ahead, and that information is fed to the front and rear wheels of the 
active suspension system. The wheelbase preview control collects the information from the front 
wheel dynamic characteristic variations and uses that information to control the rear wheel of the 
active suspension system [83]. 

Preview information control was used in the active seat suspension where the actuator active 
force was calculated from the vehicle suspension dynamic information rather than the road 
disturbances [84]. The controller gain was optimized by genetic algorithm (GA). The proposed 
control method was validated using simulation and experimental tests where the quarter car 
suspension model was implemented with 1 DOF seat suspension model. The experimental test was 
performed under the bump and random excitation road profile with different vehicle speed. It is 
shown that a significant acceleration reduction of 10 dB is achieved across the frequency range 0−18 
Hz. 

In addition, a preview information was obtained from the wheels, front left suspension and front 
axle, which was optimized by fuzzy logic controller to cope up with friction and actuator constraints 
[85]. State feedback of the seat suspension and feedforward of the vehicle suspension based on 
preview information were implemented in [86]. In general, the preview controller can guarantee a 
good performance in terms of vertical vibration attenuation. However, it is quite costly, as it 
consumes energy and takes longer time to preview the road as well as requires more sensors to 
predict the road condition [87]. 

8.3. Sliding Mode Controller 

Siding mode control (SMC) or variable structure control (SVC) has been widely used in the 
control research field due to its robustness against external disturbances and system uncertainty [88]. 
It is completely insensitive to the parametric uncertainty during the sliding surface. The control 
strategy was proposed in the 1950s in the Soviet Union by a research group consisting of Emelyanov, 
Itkis and Utkins. The concept behind the slide mode control is to switch the state feedback control 
law from one continuous structure to another using high frequency switching control [89]. Hence, 
the system motion slides along a surface called sliding surface with certain boundaries called slide 
mode. Generally speaking, the feedback controller impulses the system to reach the sliding surface 
within a finite time and make it toggle between two phases either on and off or reverse and forward. 
When the system is finally at the sliding surface, the control input is sustained. Figure 14 shows the 
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system trajectory with sliding surface. The main advantage of sliding mode controller is its 
robustness against the disturbances. However, the sliding mode controller has a drawback of 
chattering problems that is always associated with many design applications. 

 
Figure 14. System trajectory of sliding mode controller (SMC) with sliding surface [90]. 

Sliding mode controller has been implemented in the active seat suspension in [91] where the 
author used a modified Terminal Side Mode Controller (TSMC). The TSMC has advantages over the 
conventional sliding mode controller in terms of the fast convergence time. The disturbance observer 
was designed to reduce the chattering by reducing the switching gain. The state observer was used 
to estimate the absolute velocity, and a complementary filter was implemented to fuse the data to 
ensure accurate estimation results. 

The model simplification from a 6 DOF to 1 DOF active seat model was applied to design the 
TSMC with a remarkable consideration for disturbances generated from the simplified model. The 
active seat suspension performance was evaluated using the acceleration PSD and ISO 2631-1 under 
random vibration. The experimental results showed that the proposed controller has reduced RMS 
acceleration by 54.6% compared with the vibration reduction in a well-tune passive seat suspension. 

In addition, a non-singular siding mode controller was implemented to reduce the roll vibration 
and lateral acceleration in the top layer of active seat suspension [49]. A SMC based disturbance 
observer (DO) is used to estimate the unmeasurable states [92]. The proposed controller was robust 
to the uncertainties generated from the suspension mechanisms, road profile disturbances and driver 
weight differences. A cascade control method was proposed for active seating system suspension 
where the SMC was implemented for force and stiffness tracking of the active seating suspension 
system, and a proportional valve controller was used to regulate the actuator pneumatic positions 
[48]. The Lyapunov’s method was used to evaluate the SMC stability. The experimental results 
showed a 20% reduction in the vibration acceleration amplitude of the active seating suspension 
system in the frequency range from 0.5 to 1 Hz. 

8.4. Adaptive Controller 

Apart from the above control methods which were discussed above. Several factors may 
influence the system stability and performances such as the mass variation of the driver, system 
modelling and nonlinearity of the plant. To cope up with these drawbacks, adaptive control methods 
were proposed. It has been most widely used in the recent control fields [93]. In the active control 
area, the adaptive controller is superior to the classical controller in terms of reducing the noise and 
suppressing the vibration practically if the ideal model reference is available. The adaptive controller 
method consists of three main parts: a plant which contains the system parameters, a reference model 
which represents the desired performance of the system and the adaptation mechanism which 
updates the system parameters instantly [94]. The key feature of the adaptive controller is to find the 
proper parameters which guarantee the system stability and ensure zero tracking error. Figure 15 
represents the adaptive controller scheme. 
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Figure 15. Adaptive block diagram representations [95]. 

Filtered-x least mean squares (FXLMS) algorithm is one of the adaptive control methods, which 
was proposed in 1963 [96]. It has been extensively used in reduction of noise and vibration due to its 
robustness and vibration attenuation capacity. FXLMS algorithm integrated with the on-line Fast-
block LMS (FBLMS) identification process to suppress the vibration of the active seat suspension in 
the vertical direction under low frequency periodic excitation were reported in [70]. The effectiveness 
of the controller was examined through an experimental test with different road profiles. The results 
of the switching frequency test have validated the stability of the control. 

In addition, the FXLMS algorithm was proposed to decrease the undesired vertical vibration of 
the vehicle seat in [71]. The FXLMS algorithm was combined with a robust controller to achieve good 
performance. The source frequency was set at 10 Hz, 20 Hz and 30 Hz. Therefore, the FXLMS was 
found to be able to attenuate the vibration at 20 Hz where the low frequency was considered in the 
range of 0–30 Hz. Additionally, the adaptive controller mechanism was proposed to compensate the 
seat suspension system in terms of the driver mass variation [69]. 

8.5. PID Controller 

PID controller is a simple and reliable controller, which is commonly used in many industrial 
applications due to its flexibility [97]. The standard form of PID control can be represented as 𝑢 = 𝑘  𝑒(𝑡)  +  𝑘  𝑒(𝜏) 𝑑(𝜏)  + 𝑘 ( )( )  , (8) 

where u is the actuating control force, e is the error difference between the output and input defined 
as e(t) = y(t) – x(t). 𝑘 , 𝑘  and 𝑘  are proportional, integral and derivative control parameters of the 
controller. 

PID controller was used to reduce the vertical and pitch accelerations for active seat suspension 
associated with the state variable feedback controller for precise displacement and velocity control 
through the actuator [51]. The state feedback was proposed to eliminate the overshot caused by the 
actuator with a PID controller. Generally, PID is integrated with various control methods either to 
reduce the overshot of the plant or to speed up the control system. 

8.6. Adaptive Neuro Fuzzy Interference System 

Adaptive Neuro Fuzzy Interference System (ANFIS) is a type of artificial intelligence controller 
that combined the features of both the fuzzy logic theory and neural network methodology. The 
fuzzy logic theory provides effective solutions to the information from the collected data while neural 
network methodology uses the learning capability of the method to improve the solutions. Therefore, 
the fuzzy membership functions and fuzzy rules can be adjusted adaptively through the NN learning 
process [98]. 

ANFIS consists of 5 layers as illustrated in Figure 16. Layer 1 receives two crisp inputs namely 
error 𝑒 and change of the error 𝑑𝑒 to perform the fuzzification process. The node of the layer one is 
an adaptive node. Layer 2 contains the rule layer and its node is a fixed node which provides the 
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output of cross multiplication of the input signals. Layer 3 is a fixed node with normalization layer. 
Layer 4 is an adaptive layer which generates the defuzzification layer. It takes the 𝑒 and 𝑑𝑒 as an 
input associated with layer 3 output. Layer 5 is a fixed node which generates the ANFIS controller 
output. The ANFIS has the numerical and linguistic knowledge, which make it an advantage for 
many researchers. 

 
Figure 16. ANFIS structure [99]. 

ANFIS has been used in the active vehicle suspension system to enhance the ride comfort of the 
driver [99–102]. It was proposed to actively control the seat suspension system [64]. It was 
implemented under three different cases: the active quarter main vehicle suspension, active seat 
suspension and the active control system integrated within both the vehicle and passenger seat 
suspensions. The ride comfort was evaluated using the weighted RMS acceleration and VDV. The 
simulation result has indicated that the active control system integrated within both the vehicle and 
seat suspensions provides excellent ride comfort. 

8.7. Hybrid Controller 

In some researches, a hybrid control algorithm consisting of two control strategies was proposed 
for obtaining robust performances to ensure the safety and ride comfort of heavy trucks’ drivers [103]. 
The core idea of using the hybrid structure is to combine the advantages of each controller to increase 
the overall performance of the plant. The hybrid fuzzy logic controller with PID controller was 
proposed to reduce the vertical vibration of the active seat suspension [15]. Coupled rules (CR), which 
are an improved stage of hybrid fuzzy PID (HFPID) controller along with PI and PD have been 
applied to improve the controller results [104]. The active seat suspension system integrated with 
active quarter suspension using HFPIDCR was tested using bump and sinusoidal type road 
disturbances. The simulation results have proved that HFPIDCR has provided a high level of ride 
comfort. 

The active seat suspension was controlled using ANFIS and super twisting sliding mode 
controller (ASTSMC) [63]. The ASTSMC has two control signals. The first signal was designed to deal 
with the dynamic behavior of the active quarter car suspension while the second signal was called a 
discontinuous control signal which is primarily used to the keep the plant on the sliding surface. The 
output of ANFIS was used as the slope value for the SMC, which is essentially required to create a 
sliding surface. The control structure scheme is shown in Figure 17. The active seat suspension system 
is evaluated using ISO 2631-1 standard and the proposed ASTSMC has successfully reduced the 
vibration effects on the human body. 
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Figure 17. Hybrid structure of adaptive neuro fuzzy interference system (ANFIS) and super twisting 
sliding mode controller (ASTSMC) [63]. 

8.8. Other Control Techniques 

Active force control (AFC) is a disturbance rejection control technique that has been broadly 
used in the robotic system applications [105]. It was first introduced by Hewit and Burdess in [106]. 
Recently, the AFC was utilized in the active suspension system to ensure the passenger ride and car 
stability [107]. Hence, the active force control method was proposed by [108] to increase the 
robustness of the active seat suspension. The artificial neural network (ANN) was used to 
approximately estimate the seat and human body weight. The main advantages of the AFC are its 
disturbance rejection efficiency and simple control algorithm. However, the system can potentially 
get damaged when the high force is applied. Figure 18 shows the block diagram of the AFC scheme 

 
Figure 18. Representation block of active force control scheme [108]. 

The skyhook damped system was integrated with ground-hook damped system in [50]. The 
skyhook was used to reduce the vibration transmitted to the driver, while the ground-hook was 
implemented to reduce the relative deflection of the seat suspension. 

According to Reference [27], a different type of control method was presented to suppress the 
driver’s vertical acceleration in the whole low-frequency as well as the human body sensitive 
frequency range using the power spectrum density (PSD) scaling factor based on the projective chaos 
synchronization (PCS). The Lyapunov theory was used to validate the stability of the PCS. 

The primary and secondary controllers were proposed to attenuate the active vibration of the 
active seat suspension [109]. The reverse dynamics of the force actuator were considered as a 
secondary controller where the force feedback was used to track the force of the system. The active 
seat suspension was considered as a single degree of freedom. The multi-criteria optimization 
technique was utilized to evaluate the primary controller. Two different masses were selected to 
examine the performances of the proposed controllers. SEAT method was selected as an optimization 
technique for different driver masses and different suspension travel range. The experimental results 
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indicated that the vibration of the active seat suspension was reduced by 44.8% compared with that 
of a passive seat suspension 

The optimal control algorithms were designed to minimize the vertical acceleration at the 
driver’s hip point where the linear quartic regulator was used as a controller [110]. Table 3 
summarizes the existing work in the active seat suspension control in the vertical direction. While 
Table 4 shows the pros and cons of each control algorithm used in the active seating system. 

Table 3. Summary of recent work of active seat suspension control in the vertical vibration direction. 

References 
Control 

Methods 
Actuator 

Type  
Biodynamic  

Model 
Summary  

[76] 
H∞ 

With friction compensation  
Rotary Servo 

motors 
1 DOF 

seat suspension model  

Experimentally measured RMS Reduction 
by 57%, VDV and SEAT reduction by 

approximately 35% 

[75] H∞ 
with friction compensation 

Rotary servo 
motors 

2 DOF 
seat suspension model 

Experimentally measured RMS reduction 
by 32%, VDV and SEAT reduction by 

approximately 43% 

[45] 
H∞ 

with disturbance observer-
based T-S fuzzy 

Rotary servo 
motors 

2 DOF 
seat suspension model 

Driver mass variation was considered in 
the design. 

Experimentally measured RMS reduction 
by 45.5% 

[77,78] H∞ - 
3 DOF  

quarter-car suspension 
model 

Numerical results. 
Time domain results  

[80] H∞ - 3 DOF  
seat suspension model  

Finite frequency range. 
Numerical results. Acceleration PSD plots 

and Time domain results. 

[92] 

SMC 
State observer  

and disturbance observer 
are used to estimate the 

uncertainty  

- 

8 DOF  
quarter-car suspension 
model and passenger 

model 

Simulated SEAT reduction by 80%. RMS 
Reduction by 77.6% 

[91] 

TSMC  
State observer are used to 
reduce the SMC chatter.  
Disturbance observer is 

used to estimate the 
absolute seat velocity. 

Rotary servo 
motors 

6 DOF  
seat and passenger car 

quarter suspension 
models  

Experimentally measured RMS reduction 
by 54.6%, VDV reduction in by 32.6% and 

SEAT reduction by 34.1% 

[69] 
Primary and secondary 

controller with adaptation 
mechanism  

Hydraulic 
shock absorber 
and pneumatic 

spring  

1 DOF  
seat suspension model  

Experimentally measured reduction of 
SEAT value by 45% with low human 

body mass (50 kg) and reduction of SEAT 
value by 38% with high human body 

mass (120 kg). 

[83] 

PID Controller with 
Feedforward (preview 

information) and feedback 
states 

Electromagneti
c linear 
actuator  

4 DOF  
quarter-car suspension 

model 

Experimentally measured reduction of 
the SEAT value and RMS acceleration by 

25% 

[64] SMC and ANFIS  - 
3 DOF 

quarter-car suspension 
model 

Numerical simulation with VDV 
reduction by 71% from the passive to 
active quarter-car suspension model 

Table 4. Comparison of cons and pros of the control types used in the active seat suspension. 

Controller 
Type 

Advantages  Disadvantages 

H∞ • High stability  
• High level of mathematical 
complexity 
• Large control efforts 

Preview 
controller 

• Guarantee good vibration 
attenuation performance in the vertical 
direction  

• Costly 
• Consumes energy 
• Takes longer time to estimate the 
road condition 

Sliding mode 
controller 

• Ensure high stability in presence of 
the disturbances and noise. 

• Chatter problem, which leads to 
system damage.  

Adaptive 
controller 

• Robust controller. 
• Provide high periodic vibration 
attenuation performance  

• The reference model is critical 
• Parameter variation 
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Active Force 
Control 

• Efficient to reduce the disturbances 
• Simple design  

• High force could easily damage 
the system  

PID 

• Simple. 
• Easy-to-implement. 
• Low cost control strategies. 
• Highly effective. 

• Diffident tuning methods for each 
process 
• Difficult to achieve a fast response 
with small overshoot. 

9. Our Contributions 

Our group has been working on the active vibration control of a seating system since 2016 
[31,111]. A 5-DOF seat–occupant biodynamic model was developed and applied in vibration control 
simulation research [67]. A new active vibration control system of a seating suspension structure that 
combines a traditional rotating actuator and a scissor-like suspension structure was developed to 
reduce low-frequency vibration and improve ride comfort [72]. The PID, fuzzy PID and state 
feedback H-infinity controllers were designed and applied to the active vibration control actuator of 
the seating suspension structure in [20,72]. An analysis of the parameter sensitivity of a 5-DOF model-
based Monte Carlo simulation was performed [20]. The measurement data and results recorded from 
four actual trucks in a field test were applied in the research to identify the 5-DOF system parameters 
of the human body seating system [20]. The relevant active vibration control of the seating system 
was simulated in the Simulink software [20]. 

Research Gaps and Research Questions 
Based on the previously published research papers, various vehicle seating suspension 

structures have been proposed and illustrated in detail in the above sections. However, these 
structures have a common shortcoming, which is that the seat suspension designs are either 
expensive or difficult to implement in real commercial vehicles because the size of the seat suspension 
structures are huge. Therefore, our team are going to design an innovative seat structure which can 
be practically implemented at a low cost. The detailed seat suspension design structure will be 
presented in our future work. 

In terms of the control algorithms of active seat suspension, to the authors’ best knowledge, the 
Model Predictive Controller (MPC) technique has not been applied in the active seat suspension 
system, which encourages the authors to bring the method up for study and implement the method 
into the vehicle seat suspension system. 

System-state estimation and disturbance observers are the core feature of the active seat 
suspension because they can reduce the number of sensors needed to provide information about the 
system performance measurements. However, some observers require a mathematical model of high 
complexity, which is hard to understand. Thus, choosing a more accurately estimation observer for 
the real model is essential for our research direction. 

Based on the above comprehensive research gaps, the following questions are raised: 

1. What innovative seat suspension structure should be used to implement the actuator and control 
algorithm within? 

2. What type of MPC can be used to improve the driver comfort for active seat suspension system? 
3. How can the Kalman filter be used to estimate the disturbances for active vibration seating 

system? 

10. Conclusions 

This paper attempts to provide a systematic literature review on the active vibration control of 
seating suspension system. Based on the examined findings, the active seating suspension system is 
suggested to be the future development trend of the seating suspension system due to the accurate 
force control, good ride quality and handling performances. Fundamental concepts of the 
biodynamic model of the seating suspension system and human body have been studied. The bio-
dynamic models are categorized into three groups: the lumped mass-spring-dashpot model, finite 
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element analysis model and multi-body human model. Degrees of freedom of the lumped mass-
spring-dashpot models such as 1 DOF and 2 DOF models are determined based on the number of the 
independent coordinates to which the oscillators are referred. Three types of the ride comfort 
assessment strategies of frequency weighted RMS acceleration, VDV and SEAT values have been 
illustrated. The paper has also summarized the control strategies that have been applied in the active 
seating suspension system and evaluated their performances. The research gaps have been identified 
where research questions have been raised and will be answered in our future work. The authors 
have proposed the control algorithm of the model predictive control to be applied in the active seating 
suspension system. 
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