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Bus drivers are exposed to vibrations generated by the road surface affecting their fatigue, comfort and health. 
Vibrations are transmitted from bus wheels to the driver’s body through bus suspension system, bus floor and the 
seat suspension system. Active and semi-active seat suspensions have been developed to alleviate vibrational 
negative effects. This paper investigated bus driver ride comfort as a function of bus speeds and road quality 
considering linear quadratic regulator for active seat suspension system. A 3-degree-of-freedom intercity bus model 
had been defined for simulation. Bus modelling, controller design and simulations were performed by 
MATLAB/Simulink software. Results showed that active seat suspension significantly reduces the vertical 
acceleration transmitted to the driver’s body compared to the passive system. Improvements were particularly 
noticeable on rough roads and at higher bus speeds. 
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HIGHLIGHTS 

− This study compares bus driver ride comfort for active and passive seat suspension systems.
− Active seat suspension considers controller based on LQR design that penalizes vertical seat displacement,

velocity and acceleration.
− Five bus speeds and four different road quality are considered as bus model excitations.
− The proposed model and simulation framework can serve as a basis for further optimization and

development of advanced seat suspension.

1 Introduction 

Bus drivers are exposed to vibrations generated by the road surface. The vibrations are transmitted from the wheels 
to the driver's body through the bus suspension system, bus floor and seat suspension system, affecting his fatigue, 
comfort and health. Prolonged exposure to whole-body vibration can lead to spinal and musculoskeletal disorder [1]-
[2]. Therefore, understanding and improving the vibration isolation in driver’s seat has become an important research 
topic in modern bus design. 
The driver’s ride comfort depends on several important factors such as road quality, bus parameters, bus velocity 
and the type of seat suspension system. The passive seat suspension consists of a spring/damper element and 
provides vibrational isolation above about 6 Hz when loaded with a human adult [2]. Such passive system is unable 
to provide adequate vibration isolation at lower excitation frequencies or under varying loading and road conditions 
[3]. Semi-active and active seat suspensions have been developed to overcome these limitations. These suspension 
systems enable adjustment of the shock-absorber damping or generation of an additional control (active) force that 
alleviates road-induced vibrations. 
Numerous control strategies have been developed for active and semi-active seat suspensions. The sky-hook control 
concept became one of the most widely adopted due to its simplicity and effectiveness in reducing vertical 
acceleration [4]. Ground-hook and hybrid sky-ground-hook control laws have been implemented to improve both ride 
comfort and seat suspension deflection [5]. Other classical methods, such as Proportional-Integral-Derivative (PID) 
and linear quadratic regulator (LQR) control have also been investigated [6]-[8]. Sliding mode control algorithm and 
a neural-based damper controller improved control performance criteria such as seat travel distance and seat 
acceleration [9]. Model predictive control (MPC) has recently attracted attention for its ability to handle multivariable 
constraints and preview road information [10]. Most studies have focused on passenger cars, trucks, and agricultural 
vehicles, while relatively little research has been conducted on bus driver seat suspension systems. 
In this paper, linear 3-degree-of-freedom (DOF) bus model is developed to analyze the driver’s ride comfort for both 
passive and active seat suspension configurations. The active seat system is modelled considering LQR controller 
designed to affect three kinematic values (vertical seat displacement, velocity and acceleration). Driver’s ride comfort 
is analyzed for five bus speeds and for four different longitudinal road roughness. Standard ISO 8608 has been used 
for road roughness modelling. Bus modelling, controller design and simulations were performed by MATLAB/Simulink 
software. 
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2 Materials and methods 

2.1 In-line bus model 

Linear bus quarter three DOF model with active seat suspension is considered (Fig. 1). Bus parameters values for a 
quarter model are given in Table 1 [11] and refer to an intercity bus [12]. 

 
Fig. 1. Three DOF bus model with active seat suspension system [11] 

Table 1. Bus parameters [11] 

Bus parameters Values 

m1 - mass of a bus seat (20 kg) and mass of a driver (80 kg) 100 [kg] 

m2 - bus sprung mass 4000 [kg] 

m3 - bus unsprung mass 550 [kg] 

k1 - driver’s seat suspension spring stiffness 20000 [N/m] 

k2 - suspension spring stiffness 320000 [N/m] 

k3 - tyre radial stiffness 1700000 [N/m] 

c1 - driver’s seat shock absorber damping 1000 [Ns/m] 

c2 - suspension shock absorber damping 10000 [Ns/m] 

ka - actuator gain 650 [N/control unit] 

Ta - actuator time constant 0.03 [s] 

Based on parameters values from Table 1, damped natural frequencies for bus masses vertical oscillations are 
calculated and presented in Table 2. It could be noticed that calculated natural frequencies values correspond to 
typical values of mass frequencies for heavy vehicle [13]. 

Table 2. Damped natural frequencies for vertical oscillations of the bus masses 

Bus masses Damped natural frequencies [Hz] 

m1 - mass of a seat with a driver 1.2791 

m2 - bus sprung mass 2.1403 

m3 - bus unsprung mass 9.4987 

Differential equations of motion for the oscillatory system shown in Fig. 1, according to second Newton’s law, are 
presented by equations (1-3) 

𝑚𝑚1𝑧̈𝑧1 = −𝑐𝑐1(𝑧̇𝑧1 − 𝑧̇𝑧2) − 𝑘𝑘1(𝑧𝑧1 − 𝑧𝑧2) + 𝐹𝐹𝑎𝑎 (1) 

𝑚𝑚2𝑧̈𝑧2 = −𝑐𝑐2(𝑧̇𝑧2 − 𝑧̇𝑧3) − 𝑘𝑘2(𝑧𝑧2 − 𝑧𝑧3) + 𝑐𝑐1(𝑧̇𝑧1 − 𝑧̇𝑧2) + 𝑘𝑘1(𝑧𝑧1 − 𝑧𝑧2) − 𝐹𝐹𝑎𝑎  (2) 

𝑚𝑚3𝑧̈𝑧3 = −𝑘𝑘3(𝑧𝑧3 − ζ) + 𝑐𝑐2(𝑧̇𝑧2 − 𝑧̇𝑧3) + 𝑘𝑘2(𝑧𝑧2 − 𝑧𝑧3) (3) 

where Fa - active (actuator) force given by the first-order dynamics model [14], equation (4) 

𝐹̇𝐹𝑎𝑎 = −
1
𝑇𝑇𝑎𝑎
𝐹𝐹𝑎𝑎 +

𝑘𝑘𝑎𝑎
𝑇𝑇𝑎𝑎
𝑢𝑢 (4) 

where Ta - actuator time constant; ka - steady-state actuator gain. Values of these actuator parameters are taken 
from the literature [14] and presented in Table 1. These parameters could be realized with an electromechanical 
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actuator with a bandwidth sufficient to address the dominant vibration frequencies relevant to ride comfort (1÷8 Hz). 
The force capability is consistent with the requirements of a typical seat-occupant mass and ensures effective 
vibration suppression without excessive actuator saturation (see Fig. 11). 
Differential equations (1-3) are presented in the state-space form given by equations (5-6) 

𝑥̇𝑥 = 𝐴𝐴 · 𝑥𝑥 + 𝐵𝐵 · 𝑢𝑢 + 𝐻𝐻 · 𝑑𝑑 (5) 

𝑦𝑦 = 𝐶𝐶 · 𝑥𝑥 + 𝐷𝐷 · 𝑢𝑢 (6) 

where A - dynamics matrix; B - the control matrix; H - disturbance matrix; x - the state vector; u - the normalized input 
signal (u ∈ [−1,1]); d - the disturbance signal (road roughness - ζ); C - output matrix; D - feedthrough matrix; y - the 
output signal. 
State vector is given by equation (7) 

𝑥𝑥 = [𝑥𝑥1 𝑥𝑥1 𝑥𝑥3 𝑥𝑥4 𝑥𝑥5 𝑥𝑥6 𝑥𝑥7]𝑇𝑇 = [𝑧𝑧1 𝑧̇𝑧1 𝑧𝑧2 𝑧̇𝑧2 𝑧𝑧3 𝑧̇𝑧3 𝐹𝐹𝑎𝑎]𝑇𝑇 (7) 

In this work, active seat system should improve bus driver’s ride comfort. Therefore, three kinematic values (seat 
vertical displacement (𝑧𝑧1), seat vertical velocity (𝑧̇𝑧1) and seat vertical acceleration (𝑧̈𝑧1)) are chosen as output signals. 
The output signal is given by equation (8) 

𝑦𝑦 = [𝑦𝑦1 𝑦𝑦2 𝑦𝑦3]𝑇𝑇 = [𝑧𝑧1 𝑧̇𝑧1 𝑧̈𝑧1]𝑇𝑇 (8) 

Full state-space model is described by equations (9-10) 

𝑥̇𝑥 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡

0 1 0 0 0 0 0

−
𝑘𝑘1
𝑚𝑚1

−
𝑐𝑐1
𝑚𝑚1

𝑘𝑘1
𝑚𝑚1

𝑐𝑐1
𝑚𝑚1

0 0
1
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𝑚𝑚2
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0 0 0 0 0 1 0
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· 𝜁𝜁 (9) 

𝑦𝑦 = �

1 0 0 0 0 0 0
0 1 0 0 0 0 0

−
𝑘𝑘1
𝑚𝑚1

−
𝑐𝑐1
𝑚𝑚1

𝑘𝑘1
𝑚𝑚1

𝑐𝑐1
𝑚𝑚1

0 0
1
𝑚𝑚1

� · 𝑥𝑥 + �
0 0
0 0
0 0

� · �𝜁𝜁𝑢𝑢� (10) 

2.2 LQR controller design 

The problem of LQR design is to find control law (u) that minimizes quadratic cost function given system dynamics 
equations (5-6). Quadratic cost function is described by equation (11): 

𝐽𝐽 = �(𝑥𝑥𝑇𝑇𝑄𝑄𝑥𝑥𝑥𝑥 + 𝑢𝑢𝑇𝑇𝑄𝑄𝑢𝑢𝑢𝑢)𝑑𝑑𝑑𝑑
∞

0

 (11) 

where 𝑄𝑄𝑥𝑥 - the positive semidefinite matrix (states weighting matrix); 𝑄𝑄𝑢𝑢 - positive definite matrix (control weighting 
matrix); 𝑥𝑥𝑇𝑇𝑄𝑄𝑥𝑥𝑥𝑥 - the state cost, and 𝑢𝑢𝑇𝑇𝑄𝑄𝑢𝑢𝑢𝑢 - the control cost. 
The solution of LQR problem is a controller signal, equation (12) 

𝑢𝑢 = −𝐾𝐾 · 𝑥𝑥 (12) 

where K - the optimal feedback gain, calculated by equation (13) 

𝐾𝐾 = 𝑄𝑄𝑢𝑢−1𝐵𝐵𝑇𝑇𝑆𝑆 (13) 

where S - positive definite symmetric matrix obtained as solution of algebraic Riccati equation (14) 

𝐴𝐴𝑇𝑇𝑆𝑆 + 𝑆𝑆𝑆𝑆 − 𝑆𝑆𝑆𝑆𝑄𝑄𝑢𝑢−1𝐵𝐵𝑇𝑇𝑆𝑆 + 𝑄𝑄𝑥𝑥 = 0 (14) 
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In this work, three kinematic values are penalized (equation (8)), and cost function takes the form presented by 
equation (15) 

𝐽𝐽 = ��𝑦𝑦𝑇𝑇𝑄𝑄𝑦𝑦𝑦𝑦 + 𝑢𝑢𝑇𝑇𝑄𝑄𝑢𝑢𝑢𝑢�𝑑𝑑𝑑𝑑 = ��𝑥𝑥𝑇𝑇𝐶𝐶𝑇𝑇𝑄𝑄𝑦𝑦𝐶𝐶𝐶𝐶 + 𝑢𝑢𝑇𝑇𝑄𝑄𝑢𝑢𝑢𝑢�𝑑𝑑𝑑𝑑
∞

0

∞

0

= �(𝑥𝑥𝑇𝑇𝑄𝑄𝑥𝑥𝑥𝑥 + 𝑢𝑢𝑇𝑇𝑄𝑄𝑢𝑢𝑢𝑢)𝑑𝑑𝑑𝑑
∞

0

 (15) 

Diagonal weighting matrices 𝑄𝑄𝑦𝑦 and 𝑄𝑄𝑢𝑢 are given by equations (16-17) 

𝑄𝑄𝑦𝑦 = �
𝑞𝑞1 0 0
0 𝑞𝑞2 0
0 0 𝑞𝑞3

� (16) 

𝑄𝑄𝑢𝑢 = [𝛾𝛾1] (17) 

where 𝑞𝑞1, 𝑞𝑞2, 𝑞𝑞3 - individual diagonal weights for the chosen outputs; 𝛾𝛾1 - individual weight for the control signal. 
Bryson’s rule is employed when defining individual weights for both diagonal weighting matrices (𝑄𝑄𝑦𝑦 and 𝑄𝑄𝑢𝑢) [15], 
according to equations (18-19) 

𝑞𝑞𝑖𝑖 =
𝛼𝛼𝑖𝑖 2

𝑦𝑦𝑖𝑖 𝑚𝑚𝑚𝑚𝑚𝑚
2  (18) 

where 𝛼𝛼𝑖𝑖 - additional individual weighs of the outputs; 𝑦𝑦1 𝑚𝑚𝑚𝑚𝑚𝑚, 𝑦𝑦2 𝑚𝑚𝑚𝑚𝑚𝑚, 𝑦𝑦3 𝑚𝑚𝑚𝑚𝑚𝑚 - maximal values of the seat vertical 
displacement, velocity and acceleration, respectively (chosen values are 𝑦𝑦1 𝑚𝑚𝑚𝑚𝑚𝑚 = 0.05 𝑚𝑚; 𝑦𝑦2 𝑚𝑚𝑚𝑚𝑚𝑚 = 0.5 𝑚𝑚/𝑠𝑠; 𝑦𝑦3 𝑚𝑚𝑚𝑚𝑚𝑚 =
5 𝑚𝑚/𝑠𝑠2 ). 

𝛾𝛾1 =
𝛿𝛿1 

2

𝑢𝑢1 𝑚𝑚𝑚𝑚𝑚𝑚
2  (19) 

where 𝛿𝛿1 - the additional individual weight of the control input; 𝑢𝑢1 𝑚𝑚𝑚𝑚𝑚𝑚 - maximum value of the normalized input signal, 
therefore 𝑢𝑢1 𝑚𝑚𝑚𝑚𝑚𝑚 = ±1. 
The maximum seat vertical displacement is set to 0.05 m, and it is consistent with the typical stroke limits of 
commercial seat suspension systems and acceptable spinal motion [16]. The velocity limit of 0.5 m/s corresponds to 
upper-bound transient seat velocities reported in the literature for severe road excitations [17]. The maximum 
acceleration is chosen as 5 m/s² and represents a conservative peak limit that remains consistent with ISO 2631/1997 
comfort criteria (given in Table 4) when interpreted as a transient rather than RMS acceleration [17], [20]. These 
bounds ensure that the controller prioritizes driver comfort while maintaining physically realistic motion constraints. 
Additional individual weights should meet the conditions given by equations (20-21) 

�𝛼𝛼𝑖𝑖2
3

𝑖𝑖=1

= 1 (20) 

�𝛿𝛿𝑖𝑖2
1

𝑖𝑖=1

= 1 (21) 

Chosen values for the additional individual weights for 𝑄𝑄𝑦𝑦 matrix are 𝛼𝛼1 = 𝛼𝛼2 = 0.4243; 𝛼𝛼3 = 0.8 . Value for the 
additional individual weight for 𝑄𝑄𝑢𝑢 matrix, according to equation (21), is 𝛿𝛿1 = 1. 
The optimal feedback gain K is calculated by MATLAB built-in function “LQR”, and the values for each state are 
presented in the row vector by equation (22) 

𝐾𝐾 = [𝑘𝑘11 𝑘𝑘12 𝑘𝑘13 𝑘𝑘14 𝑘𝑘15 𝑘𝑘16 𝑘𝑘17]
= [−15.4637 0.4630 28.2298 0.9464 1.2928 0.0371 0.0009] (22) 

Fig. 2 shows bus driver’s seat model with active and passive (no active force Fa in equations (1-2)) suspension 
systems in MATLAB/Simulink software considering vertical dynamic and LQR equations in this Chapter. Saturation 
block (in the active seat suspension model) limits the values of the input signal to ±1, therefore holding active force 
Fa values within realistic ones. 

O N
 L 

I N
 E

  F
 I R

 S
 T

http://www.engineeringscience.rs/


Journal of Applied Engineering Science 

Vol. 23, No. 1, 2026 
www.engineeringscience.rs 

 

 
publishing 

 
Dragan Sekulic - LQR-based active seat 
suspension design to improve bus driver ride 
comfort 

 

 

 
Fig. 2. Bus model with active and passive bus driver’s seat suspension systems 

2.3 Road roughness - bus model excitations 

Bus model was excited by four road roughness of different quality modelled by power spectral density (PSD) of road 
displacement defined in standard ISO 8608 [17]. The PSD is given by equation (23) 

𝛷𝛷𝜁𝜁(𝑛𝑛) = 𝛷𝛷𝜁𝜁(𝑛𝑛0) · �
𝑛𝑛
𝑛𝑛0
�
−𝑤𝑤

 (23) 

where Φζ(n) - the PSD of road roughness (m2/(cycles/m)); Φζ(n0) - unevenness index (m2/(cycles/m)); n0 - reference 
spatial frequency (n0=0.1 (cycles/m)); w - waviness (-). 
The unevenness index characterizes the quality of road roughness. Higher unevenness coefficient values signify a 
poorer condition of the road. The waviness parameter illustrates the distribution of short and long wavelengths within 
the road displacement spectrum. In accordance with standard ISO 8608, the standard value for parameter w is 2, 
which reflects a comparable ratio of short to long wavelengths in the road spectrum [18]. 
In this work, the longitudinal road roughness on one track was modelled as a function of distance using PSD, equation 
(24) 

𝜁𝜁(𝑥𝑥) = �𝐴𝐴𝑖𝑖 · 𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋 · 𝑛𝑛𝑖𝑖 · 𝑥𝑥 + 𝛽𝛽𝑖𝑖) =
𝑁𝑁

𝑖𝑖=1

��2 · 𝛥𝛥𝛥𝛥 · 𝛷𝛷𝜁𝜁(𝑛𝑛𝑖𝑖)
𝑁𝑁

𝑖𝑖=1

· 𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋 · 𝑛𝑛𝑖𝑖 · 𝑥𝑥 + 𝛽𝛽𝑖𝑖) (24) 

where ζ(x) - longitudinal road roughness (m); N - the number of harmonics; Ai - the discrete amplitudes of excitation 
(m); ni - discrete spatial frequency (cycles/m); x - distance (m); βi - the independent random phase angles uniformly 
distributed in the interval (0, 2𝜋𝜋)); ∆n - spatial frequency step (cycles/m); Φζ(ni) - PSD for discrete spatial frequency 
(m2/(cycles/m)). A detailed procedure for road roughness modelling is described in [11], [19]. 
The values of important parameters for generating longitudinal road roughness depending on the unevenness index 
are shown in Table 3. 

Table 3. Parameters for longitudinal road roughness generation 

Reference spatial frequency Unevenness index Waviness 

n0 (cycles/m) Φζ(n0) (m2/(cycles/m)) w (-) 

0.1 

8·10-6 (A-road class) 

2 
16·10-6 (B-road class) 

128·10-6 (C-road class) 

512·10-6 (D-road class) 

Fig. 3a shows the modelled road roughness as a function of distance (250 m distance is considered). Road roughness 
amplitudes for A-road class are in the range ±0.010 m, whereas for D-road class in the range ±0.060 m (Fig. 3a). 
Fig. 3b shows modelled road roughness as a function of spatial frequency in ISO 8608 standard. 
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Fig. 3. Longitudinal road roughness as a function of a) distance, b) spatial frequency 

2.4 ISO 2631 standard 

The ISO 2631/1997 standard defines methods for quantifying vibrations of the whole human body and assessing the 
effects of vibrations on health, comfort, perception and occurrence of seasickness [20]. The standard applies to 
vibrations acting on the human body in a standing position (through the legs), a sitting position (through the seat, 
back and legs) and a lying position (through back). 
The paper analyzes the impact of vertical vibrations on the driver's comfort, which are transmitted to his body through 
the seat surface. The relevant value for assessing vibrational effects on ride comfort, according to ISO 2631/1997, is 
the root mean square (RMS) value of the weighted vertical acceleration, equation (25) 

𝑧̈𝑧𝑤𝑤,𝑅𝑅𝑅𝑅𝑅𝑅 = �
1
𝑇𝑇
� �𝑧̈𝑧𝑤𝑤,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡)�2
𝑇𝑇

0
𝑑𝑑𝑑𝑑 (25) 

where z̈w,RMS – the RMS value of the weighted vertical acceleration (m/s2); z̈w,seat(t) - weighted vertical acceleration 
(m/s2); T - simulation time (s). 
The filter Wk has been used for seat vertical acceleration weighting, according to ISO 2631/1997 (Fig. 4a). The 
weighting filter reflects the human body’s sensitivity to vibrations, depending on frequencies. The human body is the 
most sensitive to vertical acceleration in the frequency range of 4÷8 Hz. Outside this range, sensitivity decreases 
with the frequency decrease below 4 Hz and with the frequency increase above 8 Hz. Consequently, the transfer 
function filter module Wk for frequencies in the range 4÷8 Hz is equal to unity (Fig. 4a). The frequency-weighting 
curve Wk was defined in MATLAB script considering analytical expressions given in annex A of ISO 2631-1 standard 
[20]. MATLAB built-in function ‘‘bilinear’’ was employed for the analog-digital transformation of the band-limiting 
transfer function and the actual weighting transfer function. 
As an example, Fig. 4b shows the raw and weighted vertical acceleration for passive and active seat suspension for 
a B-road class and a bus speed of 100 km/h. It could be noticed that the weighted acceleration is of lower value than 
the raw acceleration. 

 
Fig. 4. Vertical acceleration weighting a) frequency-weighting curve Wk, b) raw and weighted accelerations for 

passive and active seat suspension systems 
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Table 4 presents oscillatory comfort criteria in public means of transport according to ISO 2631/1997 [20]. 

Table 4. Ride comfort criteria in public means of transport [20] 

Vibration intensity [m/s2] Ride comfort assessment 

< 0.315 comfortable 

0.315 − 0.63 a little uncomfortable 

0.5 − 1.0 fairly uncomfortable 

0.8 − 1.6 uncomfortable 

1.25 − 2.5 very uncomfortable 

> 2.0 extremely uncomfortable 

3 Results and discussion 

Five bus speeds and four road roughness of different quality were considered in analysis of bus driver’s ride comfort. 
For a very good road (A-road class), bus speeds of 40 km/h, 60 km/h, 80 km/h, 100 km/h and 120 km/h were 
considered; for a good road (B-road class), bus speeds of 40 km/h, 60 km/h, 80 km/h and 100 km/h were considered; 
for an average road (C-road class), bus speeds of 40 km/h, 60 km/h and 80 km/h were considered; and for a poor 
road (D-road class), bus speeds of 40 km/h and 60 km/h were considered. 

3.1 Analysis of vertical tyre forces 

The constrained force between bus wheel and road is comprised of a static and dynamic part, equation (26) 

𝑍𝑍(𝑡𝑡) = 𝑍𝑍𝑠𝑠𝑠𝑠 + 𝑍𝑍𝑑𝑑𝑑𝑑𝑑𝑑 (𝑡𝑡) = (𝑚𝑚1 + 𝑚𝑚2 + 𝑚𝑚3) · 𝑔𝑔 + 𝑘𝑘3 · (𝑧𝑧3 − ζ) (26) 

where Z(t) - a total vertical tyre force (N); Zst - a static tyre force (N), and Zdyn(t) - a dynamic tyre force (N). Total 
vertical force is equal to zero when Zdyn(t) = -Zst and there had been a loss of contact between the bus wheel and the 
road. Fig. 5 shows total vertical forces as a function of distance for different road quality (A, B, C and D-road class) 
and different bus speeds (60, 80, 100 and 120 km/h). Dynamic part of the vertical tyre force increases with the bus 
speed and with poor road conditions. However, the total forces have positive values, meaning that contact has not 
been lost. It could be noticed that active seat suspension does not have an influence on vertical tyre forces values. 

 
Fig. 5. Vertical tyre force for a) C-road class (V=80 km/h) and D-road class (V=60 km/h), b) A-road class 

(V=120 km/h) and B-road class (V=100 km/h), as a function of distance 

Permanent contact between bus wheel and road is a prerequisite for using the differential equations of motion 
(equations (1-3)) for the defined bus oscillatory three DOF model. 

3.2 Analysis of bus driver’s ride comfort 

Fig. 6 shows the vertical acceleration of the bus driver’s body for passive and active seat suspension system as a 
function of distance, road class and bus velocity. The driver is exposed to higher acceleration values in a seat with 
passive suspension than in a seat with active suspension system. The acceleration increases with bus speed and 
with poorer road conditions. For example, for a bus speed of 60 km/h, the highest vertical acceleration values are on 
a D-road class (Fig. 6d). 
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Fig. 6. Vertical driver’s acceleration for a) A-road class, b) B-road class, c) C-road class, d) D-road class, 

as a function of distance 

Fig. 7 shows the PSD of the raw and weighted vertical acceleration for passive and active seat suspension system 
for B-road class (V=100 km/h) and for D-road class (V=60 km/h). The vibration intensities are distributed in the 
frequency range 0÷4 Hz and have lower values for the active seat suspension system. The maximum value of the 
PSD for both suspension systems is about 1.3 Hz (resonant frequency of a bus seat with a driver, Table 2). Both 
seats attenuate vertical vibrations at frequencies above 4 Hz. This is important since the human body is most 
sensitive to vertical vibrations in the frequency range 4÷8 Hz [21]. 

 
Fig. 7. PSD of the vertical driver’s acceleration for passive and active seat suspension systems for a) B-road class 

and V=100 km/h, b) D-road class and V=60 km/h 

Fig. 8 presents the RMS values of the weighted vertical acceleration for passive and active seat suspension system 
as a function of considered bus speeds. The RMS values of vertical acceleration increase with the bus velocity for 
both suspension systems. Active seat suspension provides lower RMS values, therefore better bus driver’s ride 
comfort. For example, for the B-road class, the driver feels a little uncomfortable at a bus velocity of 87 km/h with the 
passive seat suspension system. For the B-road class, vertical vibrations have no effect on the driver’s ride comfort 
in the case of the active seat system. Moreover, with the seat active suspension, the driver feels comfortable even 
at a bus speed of 120 km/h. For the C-road class, the driver gets fairly uncomfortable for the passive seat system at 
a bus speed of 50 km/h, while he feels a little uncomfortable for the active seat system at a speed of 63 km/h. For 
the D-road class and for both bus speeds (40 km/h and 60 km/h), the driver feels uncomfortable with the passive 
seat system, and fairly uncomfortable with the active seat system. O N
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Fig. 8. RMS value of the weighted vertical acceleration for passive and active seat suspension systems 

Fig. 9 presents the vertical displacement and vertical velocity for the passive and active seat suspension systems. 
The active suspension system provides lower values of vertical displacement (Fig. 9a) and lower values of vertical 
velocity (Fig. 9b). It should be noted that the peak minimum/maximum displacement values are approximately ±0.05 
m (Fig. 9a), while for velocity they are ±0.5 m/s (Fig. 9b). This is in accordance with the maximum 
displacement/velocity values set when designing the LQR controller in Chapter 2.2. 
 

 
Fig. 9. Seat vertical a) displacement, b) velocity, for passive and active seat suspension systems 

Fig. 10 presents the RMS value of seat vertical displacement and velocity for passive and active seat suspension 
systems. The RMS value of the seat vertical displacement increases with bus speed for both seat suspension system 
(Fig. 10a). The active seat system provides lower RMS values for each road class (Fig. 10a). The RMS value of the 
seat vertical velocity increases with bus speed for both seats (Fig. 10b). The active seat system provides lower RMS 
velocity values for each road class (Fig. 10b). 

 
Fig. 10. RMS values of seat vertical a) displacement, b) velocity, for passive and active seat suspension systems 
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3.3 Control input and seat active force 

Fig. 11 presents an example of normalized actuator signal value as function of distance. Actuator signal value 
increases with bus velocity and with poorer road quality. For example, for B-road class and bus velocity of 100 km/h 
signal values are in the range ±0.3. For C-road class and bus velocity of 80 km/h signal values are in the range ±0.5. 
For D-road class and bus velocity of 40 km/h and 60 km/h control signal reached saturation values of ±1. 
 

 
Fig. 11. Normalized actuator signal as a function of distance, road class and bus velocity 

Fig. 12 presents an example of an active seat force that actuator should provide as a function of distance. Active 
seat force value increases with bus speed and with poorer road quality. For poor road quality, active force reached 
maximum values of ±650 N at bus velocity of 40 km/h and 60 km/h (Fig. 12b). Commercial electromechanical linear 
actuators capable of generating forces up to ±650 N and more are widely available. For example, standard 24 V DC 
linear actuators with nominal forces of 750 N to 1000 N are used for active seating applications (e.g. VEVOR 1000 
N and 750 N actuators). Therefore, proposed actuator force range for the controller model defined in this work is 
feasible with real hardware. For the proposed actuator force limit of ±650 N and a maximum seat velocity of 0.5 m/s 
the peak mechanical power requirement would be around 325 W. 

 
Fig. 12. Active force for a) B-road class and C-road class, b) D-road class, as a function of distance 

3.4 Robustness of LQR controller 

Long-term cyclic loading causes wear on the seat suspension system which is reflected in a gradual decrease in 
stiffness and damping. Fig. 13 shows the RMS value of the weighted vertical acceleration for passive and active seat 
suspension systems as a function of spring stiffness and shock-absorber damping coefficients. The ride comfort of 
the bus driver decreases with seat wear i.e. with a decrease in stiffness and damping for passive seat suspension. 
For example, for a D-road class and a bus speed of 60 km/h, the driver feels very uncomfortable in the case of the 
severe seat wear (stiffness of 10000 N/m and damping of 500 Ns/m which is reductions of 50 % of their nominal 
values, Fig. 13d). It could be noticed that active seat suspension compensates for seat wear and provides significantly 
better driver’s ride comfort for each road quality and for each bus speed. 
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Fig. 13 RMS value of the weighted vertical acceleration for passive and active seat suspension systems for a) A-

road class and V=120 km/h, b) B-road class and V=100 km/h, c) C-road class and V=80 km/h, d) D-road class and 
V=60 km/h, as a function of seat stiffness and damping coefficients 

Fig. 14 shows the RMS value of the weighted vertical acceleration for passive and active seat suspension systems 
as a function bus driver’s mass. The RMS value increases slightly with driver’s mass for the passive seat suspension 
system. The RMS value does not change with driver’s mass for the active seat suspension system. Also, the RMS 
values of the weighted vertical acceleration for the active seat are lower than for the passive seat for each road class 
and for each bus speed. These results show that the proposed LQR controller exhibits strong robustness to driver 
mass uncertainty. 

 
Fig. 14 RMS value of the weighted vertical acceleration for passive and active seat suspension systems for a) A-

road class, b) B-road class, c) C-road class, d) D-road class, as a function of bus driver’s mass 

4 Conclusion 

This paper compares performance criteria (vertical seat displacement, velocity and acceleration) for active and 
passive bus driver’s seat suspension systems. The active seat system is based on LQR controller. The analysis 
considers five bus speeds (V=40, 60, 80, 100 and 120 km/h) and four longitudinal road roughness of different quality 
(A, B, C and D-road class). 
Conclusions from this research are as follows: 

− The dynamic part of the vertical tyre force increases with bus speed and poorer road conditions, but there 
is no loss of contact between the wheel and the road. 

− The seat vibration intensities are distributed in the frequency range 0÷4 Hz and have lower values for the 
active seat suspension system. 
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− The RMS values of the weighted vertical acceleration increase with the bus velocity for both suspension 
systems. Active seat suspension provides lower RMS values, therefore better bus driver’s ride comfort. 

− For B-road class a driver feels a little uncomfortable at the bus velocity of 87 km/h with passive seat 
suspension system. For B-road class, vertical vibration does not have an influence on driver’s ride comfort 
in the case of active seat system. 

− The results show that the LQR-based active seat suspension significantly reduces the vertical acceleration 
transmitted to the driver body compared to the passive system. The improvements are particularly 
noticeable on rough roads (e.g. D-road class) and at higher bus velocities (e.g. 100 km/h and 120 km/h). 

− Active suspension system provides lower values of vertical displacement and lower values of vertical 
velocity. The peak maximum/minimum displacement values approximately amount to ±0.05 m, whereas for 
velocity amount to ±0.5 m/s. 

− The value of the actuator signal increases with bus speed and with poorer road quality. For D-road class 
and for the bus velocities of 40 km/h and 60 km/h control signal reached values of ±1. 

− Active seat force value increases with bus speed and with poorer road quality. For poor road quality, active 
force reached maximum/minimum values of ±650 N at bus velocities of 40 km/h and 60 km/h. 

− The proposed LQR controller is robust with respect to seat wear and driver mass uncertainties. 
The proposed model and simulation framework can serve as a basis for further optimization, hardware-in-the-loop 
testing, and development of advanced seat suspension systems for bus drivers. Future work could consider a 
comparative analysis of bus driver ride comfort between active seat suspensions based on the proposed LQR 
controller and different controller methods (e.g. sky-hook, PID, MPC). Future work could also investigate influence 
of shock vibration (e.g. from road humps/bumps) on bus driver’s health considering passive and active seat with the 
proposed LQR controller. 
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