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In this study, a mathematical model of a new hydro-pneumatic damper consists of a double-

acting cylinder, two oil chambers, a damping valve, and an accumulator is developed to assess 

its response to vertical vibrations in a passenger car. The main idea of the new damper aim to 

make that the damping coefficient in compression differ than that in rebound which achieve 

more stability specially during cornering. The damping coefficient difference in compression 

and rebound can be achieved due to the presence of accumulator. Both passive and active 

hydro-pneumatic suspension systems with the new damper employing different control 

strategies such as LQR, PID, and H-infinity control, are employed to assess the effectiveness of 

the suspension system. The investigation focuses on vertical acceleration, pitch acceleration, 

suspension deflection, and dynamic tire load. The half-car model is simulated using 

MATLAB/Simulink, and the results for both active and passive hydro-pneumatic suspensions 

are analyzed in terms of frequency, time, and power spectral density responses. The findings 

reveal that the active suspension system with H-infinity control demonstrates an 81% 

improvement in body acceleration and a 92% improvement in pitch acceleration (angular 

acceleration) compared to the passive hydro-pneumatic suspension which improve the 

stability of the vehicle during cornering. Similarly, the implementation of LQR-controlled 

suspension enhances body acceleration and step acceleration by approximately 40% and 57%, 

respectively, compared to the passive hydro-pneumatic suspension. Moreover, when 

compared to the passive hydro-pneumatic suspension, the PID-controlled active hydro-

pneumatic suspension exhibits a 64% improvement in step acceleration and a 44% 

improvement in body acceleration. 

Keywords: PID Control; LQR Control; H-infinity Control; Hydro-pneumatic suspension; 

Suspension performance; Vehicle stability; Ride comfort 

1. Introduction 

In general, passenger comfort is an important 

parameter in vehicle design and production. The 

suspension system has many functions, including 

supporting the vehicle structure and absorbing 

vibrations conveyed to the vehicle body from the 

road. These vibrations result from unevenness in 

the roadway, aerodynamic forces, and uneven 

wheels. Driving comfort means that bumps or 

shocks are not transferred to the passenger or are 

minimal from the road surface. Ride comfort is 

indicated by acceleration, whereas stability is 

assessed by suspension deflection as well as tire 

load. Ride comfort is maximized when the sprung 
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masses accelerate as little as possible, which is a 

measure of passenger comfort [1], [2].  

The hydro-pneumatic suspension system 

application has become widespread, and the 

influence factors that affect ride performance have 

become significant [3], [4]. A lot of research has 

been done in the field of optimization to improve 

driving comfort. Many optimization methods are 

used, including gradient-based methods, 

evolutionary operations of the rotating square 

(ROVOP), genetic algorithms, and sequential 

research methods [5]. Although the various 

multipurpose optimization methods represent one 

direction in chassis design, the study and 

examination of ride comfort represent an important 

factor [6]. Theoretical research has demonstrated 

that a suspension system for a vehicle that has a 

lower spring mass and a natural frequency can 

improve comfort while driving [7], [8].  

The suspension systems used in the field of the 

vehicle industry can be divided into three main 

categories: passive, semi-active, and active 

suspension. The passive elements (spring and 

shock absorber) are used to design the passive 

suspension system; these passive elements are 

selected based on the vehicle design for the best 

performance or greater comfort [9], [10]. Active 

suspensions are feedback-based control systems 

that utilize signals representing system variables 

to regulate the actuators, either instead of or in 

conjunction with passive components. The 

necessary forces to power the different 

components of active suspension such as 

potentiometers, force transducers, and actuators, 

as well as conditioning and amplification devices 

are provided by external energy [11]–[14]. 

The semi-active damper system was first 

introduced at the start of the 1970s. A semi-active 

system offers a variable damping force, such as an 

electro-rheological damper (ER) or a magneto-

rheological damper (MR), that applies different 

electric or magnetic fields to create a variable 

damping coefficient [15], [16]. The main 

advantage of the active suspension system over 

the semi-active suspension system is that it offers 

better driving performance. The disadvantages of 

active suspension are a large external power 

source, greater complexity and cost, and lower 

reliability. Compared to passive suspension, semi-

active suspension offers good driving behavior, is 

economical, safe, and does not require more 

powerful actuators or a large power supply. The 

semi-active suspension system combines the 

adaptability of an active control system with the 

dependability of a passive suspension system. As 

a result, research on semi-active suspension 

systems has expanded quickly [17], [18].  

The control methods are often used with semi-

active shock absorbers since they are relatively 

simple. To improve performance in different 

vehicles and road conditions, numerous control 

techniques for the semi-active shock absorber 

have been suggested. Skyhook Control (SKH) has 

been used successfully in semi-active 

suspensions. Skyhook controls are simple to use 

and don't require much information about the 

vehicle's condition. It's required to provide a 

virtual damper between the vehicle's body and 

the imaginary sky [19]. Modeling the chassis 

model with optimal control with the suggestion of 

an optimal microcomputer model [20]. The goal of 

the best control strategy and optimization method 

was to improve the semi-active suspension's 

performance. A bilinear regulator considerably 

raises the running quality [21]. An optimal 

controlling law was built and compared to 

different semi-active control laws using a time-

varying feedback gain matrix technique [22].  A 

new concept of semi-active control has been 

proposed, known as Ground Hook Control 

(GRD). The suggested control inputs were the 

sprung mass speed and the feedback about the tire 

deflection [23]. The basic concept of the earth hook 

was proposed in an attempt to minimize the 

criteria for road damage and to maintain good 

comfort [24]. A new adaptive damping strategy 

based on constant damping options has been 

proposed [25]. The semi-active two-state damper 

controlled using hybrid control was used in a 

quarter cars and compared to a hybrid control 

damper with a fixed damping coefficient [26]. 

Investigation into the performance of a hybrid 

control system using a magneto-rheological (MR) 

damper in a quarter-car model reveals that the 

method can benefit both sprung and unsprung 

masses [27]. Additionally, a semi-active hydro-

pneumatic suspension (HP) model and a 

suspension observer based on the Kaman 

Unscented (UKF) filter theory were designed and 

proposed for the hybrid control algorithm [28], 

[29].  
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In driving dynamics, a single suspension is 

controlled by the existing quarter-car model, 

which is often used to control the performance of 

a suspension adjuster. The two-degree-of-

freedom model (quarter-car model) is expanded 

to four degrees of freedom in the four-degree-of-

freedom model (half-car model), requiring the use 

of four differential equations. Discoverable 

elements have also been added during the 

expansion. With the 2-DOF model, it is possible to 

analyze only the bending of the wheel and the 

bending of the suspended mass; with the 4-DOF 

model, on the other hand, the angle of inclination 

of the suspended mass (body) and the bending of 

the added wheel can be analyzed in the existing 

items. 

In this investigation, a 4-degree-of-freedom (4-

DOF) half-car model undergoes the influence of a 

random road input. Both passive and active 

hydro-pneumatic suspensions, integrated with 

diverse controller systems—namely, LQR, PID, 

and H-infinity control—are employed to regulate 

the damping force within the suspension system. 

The simulation is conducted utilizing 

Matlab/Simulation software, offering an analysis 

of the effectiveness of passive hydro-pneumatic 

and active systems when employing LQR, PID, 

and H-infinity control methodologies. A 

simulation model is used to compare and evaluate 

the dynamic behavior of both active suspension 

and passive suspension systems for a half-car 

suspension model with LQR, PID, and H-infinity 

control. To evaluate body shift, front/rear shift, 

and pitch angle for varying road conditions, a 

half-car model with four degrees of freedom is 

employed. 

 

2. New Passive Hydro-Pneumatic 

Suspension System 

In this study, a new hydro-pneumatic 

suspension is used to examine its influence on ride 

comfort (braking and acceleration) using a half-

automobile model. Figure 1, displays a hydro-

pneumatic suspension system that consists of a 

double-acting cylinder, two oil chambers, a 

damping valve, and an accumulator. The two 

chambers are connected by a flow control valve, 

and the accumulator is also connected to the 

chamber through a damping valve. The main idea 

of the new damper aim to make that the damping 

coefficient in compression differ than that in 

rebound which achieve more stability specially 

during cornering. The damping coefficient 

difference in compression and rebound can be 

achieved due to the presence of accumulator. The 

damping coefficient difference in compression 

and rebound improve the stability of the vehicle. 

The main operating principle of hydro-pneumatic 

suspension with the new damper can be described 

as follows: When the piston ascends, oil from the 

cylinder chamber is directed to the accumulator 

via the damping valve. Simultaneously, the oil 

passes through the damping valve into the second 

chamber, pressurizing the gas within the 

accumulator. The flow of oil through the damper 

valve orifice results in energy consumption, 

effectively rapidly dampening vibrations. 

Concurrently, some energy is stored in the 

accumulator. As the piston descends, oil from the 

accumulator travels through the damping valve 

orifice into the chamber, releasing the stored 

energy from the accumulator. This process 

reduces the accumulator pressure, allowing the oil 

to once again and dissipate energy through the 

damper valve orifice [14]. The stiffness 

characteristics analysis is [30]: 

 

𝐴𝑃  =
𝜋

4
 𝐷𝑃

2
 (1) 

Where, 

AP : Cylinder piston area. 

DP : Piston diameter (m). 

 
𝐹𝑠  = ( 𝑃 −  𝑃𝑎)𝐴𝑃 (2) 

Where: 

Fs : Gas spring force in the accumulator. 

P: Accumulator gas pressure. 

Pa : Atmospheric pressure 

 

The accumulator gas is the nitrogen. The 

nitrogen gas state equation is described as follows 

[30]: 

 

𝑃𝑉𝑛 = 𝑃0𝑉0
2 = 𝑃𝑗𝑉𝑗

𝑛 = 𝐶 (3) 

Where, 

Po : The accumulator's initial gas pressure. 

Vo : Accumulator initial gas volume.  

P: Accumulator instant gas pressure. 

V: Accumulator instant gas volume. 

Pj : Accumulator gas balance pressure. 

Vj : Accumulator gas balance volume. 
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Considering s as the distance traveled by the 

piston to reach the static balancing point, we may 

calculate: 

 

𝑆 =
𝑉𝑗 − 𝑉

𝐴𝑃
 (4) 

 
Figure 1. Layout of the hydro-pneumatic passive 

suspension system [14]. (1,2- Oil chambers; 3,4- 

Damping Valves; 5- Accumulator) 

 

Substitute from Eq. (4) into Eq. (3), thus: 

 

𝐹 =
𝑃𝑗𝑉𝑗

𝑛

(𝑉𝑗 − 𝐴𝑃 . 𝑆)
𝑛  𝐴𝑃 (5) 

 

According to static balance, we get: 

 
𝑃𝑜𝑉𝑜 = 𝑃𝑗𝑉𝑗 (6) 

 

(𝑃 − 𝑃𝑗)𝐴𝑃 =  𝑚𝑔 (7) 
 

𝑃𝑗 =
𝑚𝑔

𝐴ℎ
+ 𝑃𝑎 (8) 

 

𝑉𝑗 =
𝑃𝑜𝑉𝑜

𝑚𝑔

𝐴ℎ
+ 𝑃𝑎

 (9) 

 

The gas spring stiffness will be: 

 

𝐾𝑠 =
𝑑𝐹𝑠

𝑑𝑠
= 𝐴𝑃

𝑑𝑝

𝑑𝑠
=

𝑛𝑝𝑜𝑉𝑜
𝑛AP

𝑛

(
𝑃𝑜𝑉𝑜.𝐴𝑃

𝑚𝑔+𝑃𝑎.𝐴𝑃
− AP. 𝑆)

𝑛+1

 
 (10) 

 

When the cylinder is compressed, the oil flows 

into the valve to the accumulator, and the volume 

flow rate of the oil is: 

 
𝑞1 = 𝐴�̇� (11) 

Where, 𝐴  is the sectional area of the rodless cavity 

of the cylinder and �̇� is the piston displacement. 

 

The flow equation, according to the throttle 

hole, will be: 

𝑞1 = 𝐶1𝐴1√
2∆𝑝1

𝜌
 (12) 

Where; 

𝑞1: Rate of the orifice flow. 

𝐶1 : The discharge coefficient. 

𝐴1 : The orifice area. 

∆𝑝1 : The pressure difference between both ends 

of the hole 

𝜌: The oil density. 

 

The pressure difference ∆𝑝1 is: 

 
∆𝑝1 = 𝑝𝐼 − 𝑝𝐼𝐼 (13) 

 

The damping force through the throttle valve 

is: 
 

𝑓1  =  ∆𝑝1 ×  𝐴 (14) 
 

𝑓1  =
𝜌

2

𝐴3�̇�2

𝐶1
2𝐴1

2 (15) 

 

The clear statement of the above equations. 

The suspension damping coefficient is: 
 

𝐶 =
𝜌𝐴3�̇�

𝐶1
2𝐴1

2 (16) 

 

3. Suspension Model for 4 - DOF Half Car  

Figure 2 shows the four-degrees-of-freedom 

half-car model that was employed in this study. 

The model system comprised the sprung mass, 

the unsprung masses, the damping coefficient, 

and the wheel stiffness of the front part of the car, 

as well as the same parameters in the rear part of 

the car. 

The system's four differential equations may 

be obtained from its four degrees of freedom. The 

differential equation corresponding to the sprung 

mass is influenced by the suspension as well as the 

sprung masses of the front and rear tires. The 

linear suspension system for a half-car, 4 DOF, is 

mathematically modeled. With the use of 

Newton's second law of motion, the equations of 

motion for each of the two moving masses are 

determined as shown in Figure 2. The equations of 

the linear passive suspension system are as 

follows: 
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Figure 2. Half-vehicle model 

 

𝑀𝐵𝑍�̈� =  𝐹𝐻𝑝𝑓 + 𝐹𝐻𝑝𝑟 (17) 
 

𝐼𝑦𝑦∅̈ =  − 𝐿𝑓𝐹𝐻𝑝𝑓 + 𝐿𝑟𝐹𝐻𝑝𝑟 (18) 
 

𝑀𝑢𝑓𝑍𝑓𝑢
̈ =  𝑘𝑡𝑓(𝑧𝑜𝑓 − 𝑍𝑢𝑓) − 𝐹𝐻𝑝𝑓 (19) 

 

𝑀𝑢𝑟𝑍𝑟𝑢
̈ =  𝑘𝑡𝑟(𝑧𝑜𝑟 − 𝑍𝑢𝑟) − 𝐹𝐻𝑝𝑟 (20) 

Where (∅̈, ∅̇, ∅) are the angular acceleration, the 

angular velocity, and the angular displacement. 

( 𝑍�̈�, 𝑍�̇� , 𝑍𝑐  ) are the acceleration, speed, and 

displacement of the floating mass. (𝑍𝑟𝑢
̈ , 𝑍𝑟𝑢

̇ , 𝑍𝑟𝑢 ) is 

the acceleration, speed, and displacement of the 

unsprung rear mass. ( 𝑍𝑓𝑢
̈ , 𝑍𝑓𝑢

̇ , 𝑍𝑓𝑢  ) is the 

unsprung front mass's acceleration, speed, and 

displacement. The lengths from CG to anterior 

and posterior are lf and lr, respectively. 

Equations (17 and 18) can be derived from the 

floating mass, on the one hand, the vertical force 

analysis, and on the other hand the momentum 

analysis. First, let's look at the force analysis, to 

eliminate the denominator of the constant value 

obtained above, the spring constant is multiplied 

by the difference in vertical displacement, and the 

damper constant is multiplied by the difference in 

relative speed. At this moment, the displacement 

resulting from the distance between the center of 

gravity and the wheel is positive (+) for the front 

wheel and negative (-) for the rear wheel. 

According to the equilibrium of forces, the 

direction of lf (∅) and lr (∅) is opposite, since the 

rear wheel acts in the opposite z-direction. The 

second is an analysis of the moment (couple). In 

the case of the moment, it can be expressed as 

above, since it can be expressed as the product of 

force and distance. Since theta is very small in size, 

we approximate sin (∅) to ∅. Equations (19 and 20) 

can be derived from each wheel. 

 

4. Control Strategy of the Active Hydro-

Pneumatic Model 

Control methods have been employed to 

implement active and passive hydro-pneumatic 

suspensions. Land vehicles are also a very 

universal example because at least in 

industrialized countries, practically everyone has 

driven a car at some point. An automobile quarter 

model is also easily perceived as a system with 

several aims, some of which contradict one 

another [15]. Most studies focus on controlling the 

forces generated by struts and springs. Some 

studies have focused on changing the kinematic 

properties of a suspension system [14]. 
 

4.1. Approaches Based on LQR for Vehicle 

Suspension Control 

Linear Quadratic Regulator (LQR) is a control 

strategy commonly used in vehicle suspension 

systems. The LQR algorithm optimizes the control 

gains by minimizing the performance index J. The 

performance index J can be represented as follows 

[8]: 
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𝐽 = ∫ (𝑥𝑇
∞

0

𝑄𝑥 + 𝑢𝑇𝑅𝑢) 𝑑𝑡 (21) 

 

In this expression, x represents the vector of 

system states at time t, u represents the vector of 

control inputs at time t, and T denotes the 

transpose operation. Q is a positive semi definite 

matrix that weights the state deviations, and R is 

a positive definite matrix that weights the control 

effort. 

 

4.2. H-Infinity Control for a Vehicle Suspension 

Control 

H-infinity control is a robust control technique 

used in vehicle suspension systems to design 

controllers that can handle uncertainties and 

disturbances in the system dynamics. It aims to 

minimize the effect of disturbances on the system 

while achieving the desired performance 

objectives. Figure 3 presented an H-infinity 

controller closed-loop. 

 

4.3. PID Control for a Vehicle Suspension 

Control 

The PID controller is the feedback controller. 

Its algorithm is discussed according to Eq. (22): 

 

𝑢(𝑡) = 𝐾(𝑒(𝑡) +
1

𝑇𝑖 ∫ 𝑒(𝜏)𝑑𝜏
𝑡

0

+ 𝑇𝑑𝑑𝑒(𝑡)/𝑑𝑡 (22) 

Where, 

y: The measured process variable, 

u: control signal and e the control deviation  

e= the error (𝑒 = 𝑦𝑠𝑝 − 𝑦) 

K: proportional gain 

𝑇𝑖: Integral time  

𝑇𝑑: Derivative time  
 

The error is the difference between the output 

signal ysp and the reference signal y. The P-term, I-

term, and D-term are the three terms that make up 

the control signal. The PID algorithm is described 

by the transfer function [8]: 

 

𝐺(𝑠) = 𝐾(1 +
1

𝑠𝑇𝑖
+

𝑠𝑇𝑑

𝛼𝑠𝑇𝑑
+ 1) (23) 

 

5. Road Profile 

ISO 8608 establishes a standardized 

framework for characterizing the roughness of 

roads and evaluating their impact on vehicle 

dynamics. These classifications help in evaluating 

the performance of vehicle suspension systems 

and designing control strategies to improve ride 

comfort and handling under various road 

conditions. 

According to ISO 8608, the road is classified 

into eight distinct classes, each representing a 

specific type of road surface, roughness, and 

irregularities, from very smooth road surfaces (A) 

to unique road surfaces (H) [31]. The power 

spectral density (PSD) is a measure of statistics for 

analyzing the frequency content of road profiles. 

The PSD of the vertical road profile displacement 

𝐺𝑑  is described in terms of angular spatial 

frequency 𝑛 as: 

 

𝐺𝑑(𝑛)  =  𝐺𝑑(𝑛𝑜)  ∗  ( 
𝑛

𝑛𝑜
 )−𝑤 (24) 

Where (w) signifies waviness and the 

undulation exponents (waviness index) are set 

between 1.8 and 3.3, w is set to 2 for the majority 

of the road surface at a constant velocity, and (n0) 

is a reference angular spatial frequency equal to 1 

rad/m [32]–[34].  

Eq. (24) can produce a wide range of power 

spectrum densities. The ISO 8608 standard 

includes a classification of road roughness in 

terms of angular spatial frequency n predicted 

from a large number of measurements, as 

illustrated in Table 1. 

 

 
Figure 3. Active suspension system H-infinity controller 
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Table 1. ISO 8608 values of Gd (no) [3]  

Road Class 
Gd (no) (10-6 m3) 

Lower value Upper value 

Class (A) ------ 32 

Class (B) 32 128 

Class (C) 128 512 

Class (D) 512 2048 

Class (E) 2048 8192 

Class (F) 8192 32768 

Class (G) 32768 131072 

Class (H) 131072 --------- 

 

6. Results and Discussion 

To manage the damping force of the 

suspension system, the 4-DOF half-car model's 

passive and active hydro-pneumatic suspensions 

were employed with different controller systems. 

Matlab/Simulation software was applied to 

conduct simulation for this work, with a 

simulation duration of 10 seconds. A simulation 

model is developed to assess the dynamic 

behavior of both the passive suspension system 

and the active suspension system in a half-car 

suspension setup, utilizing LQR, PID, and H-

infinity control methods. 

Body acceleration and displacement, front and 

rear acceleration and displacement, dynamic tire 

load at each wheel, as well as pitch acceleration 

and displacement according to each controller, are 

compared through simulation. The simulation 

results are presented in terms of root mean square 

(RMS) values both in the time and frequency 

domains. Table 2, lists the parameters of the 

vehicle in this model. 

 

6.1. Vehicle Body Acceleration (Vertical body 

Acceleration) 

Figure 4, shows the car body acceleration on a 

random road profile with hydro-pneumatic 

passive and active suspensions. The results of the 

validation between passive and active hydro-

pneumatic suspensions with various controllers 

are presented, considering time and frequency 

domains, power spectral density, and root mean 

square values. Figure 4, shows the RSM values for 

the body acceleration. As seen, the RMS value 

under the H-infinity controller system is 

substantially decreased by about 50% compared 

to the RMS value under the passive system. The 

RMS value under the PID controller system is 

substantially decreased by about 26% compared 

to the RMS value under the passive system. This 

demonstrates how successful the H-infinity, PID, 

and LQR controllers are at absorbing vehicle 

vibration as compared to a passive system. Each 

control system greatly lessens body acceleration, 

ensuring a more comfortable ride. 

 

6.2. Pitch Acceleration (Body angular 

acceleration) 

The pitch acceleration of each passive and 

active hydro-pneumatic suspension under 

various control schemes is performed for 

comparison. The simulation results for the pitch 

acceleration for the passive and active hydro-

pneumatic suspensions with different controllers 

are shown in Figure 5. When the simulation results 

for the different systems are compared, it is clear 

 

Table 2. Half car model parameters 

Parameters Value 

Body mass, 𝑀𝐵 700 𝐾𝑔 

Front unsprung mass, 𝑀𝑢𝑓 40 𝐾𝑔 

Rear unsprung mass𝑀𝑢𝑟 35.5 𝐾𝑔 

Front suspension spring stiffness, 𝐾𝑠𝑓 1990 𝑁/𝑚 

Front suspension spring stiffness, 𝐾𝑠𝑓 17500 𝑁/𝑚 

Front tire spring stiffness, 𝐾𝑡𝑓 175500 𝑁/𝑚 

Rear tire spring stiffness, 𝐾𝑡𝑟 175500 𝑁/𝑚 

Distance from the front axle to C.G, 𝐿𝑓 2.3 𝑚 

Distance from rear axle to C.G, 𝐿𝑟 2.3 𝑚 

Wheel Base, 𝐿 4.6 𝑚 

Body pitch moment of inertia, 𝐼𝑦𝑦 2460 𝐾𝑔. 𝑚2 
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Figure 4. The passive, active LQR, PID, and H-infinity hydro-pneumatic suspension systems in terms of body 

acceleration with random road. (a) Time domain. (b) Frequency domain. (c) PSD (d) RMS. 
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Figure 5. The passive, active LQR, PID, and H-infinity hydro-pneumatic suspension systems in terms of pitch 

acceleration with a random road. (a) Time domain. (b) Frequency domain. (c) PSD (d) RMS. 
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that active suspension with H-infinity control has 

a significant effect on pitch acceleration, with the 

presence of H-infinity control reducing pitch 

acceleration by around 92% in RMS when 

compared to passive hydro-pneumatic 

suspension. According to the figure, the PID 

control outperforms the LQR control in terms of 

pitch acceleration reduction. The PID control 

reduces pitch acceleration by around 65%, 

whereas the LQR control reduces pitch 

acceleration by about 57%. 

 

6.3. Front / Rear Suspension Working Space 

(SWS) 

Figure 6 and Figure 7, show the change of the 

suspension working space (SWS) with passive 

hydro-pneumatic and active hydro-pneumatic 

with different types of control techniques in 

suspension systems for front and rear wheels, 

respectively. Suspension working space is a key 

design characteristic that is heavily influenced by 

spring stiffness and so impacts ride comfort. In 

actuality, the working space must be constrained 

by the vehicle's design and configuration. 

Figure 6, depicts the suspension working space 

profile in both the time and frequency domains as 

a result of variations in the road profile of the front 

wheel. When using active suspension with H-

infinity control, the maximum RMS value was 

72% lower than when using a passive suspension 

system. Similarly, Figure 7 shows that the hybrid 

control offers the lowest displacement with 

reduced peaks when compared to passive 

suspension and semi-active LQR and PID control. 

The H-infinity control reduced the maximum 

RMS value of displacement by 72%, but the PID 

reduced the SWS by 50 % and 46% when 

compared to the passive. 

 

6.4. Front / Rear Dynamic Tire Load (DTL) 

The comparison between different dynamic 

tire loads in the response frequency and time 

domains of passive, LQR, PID, and H-infinity for 

the front tires is presented in Figure 8. While 

Figure 9, depicts the same parameters for the rear 

tires. It may be seen that the dynamic tire load of 

both the front and rear wheels with active 

suspension with H-infinity control was found to 

be lower than that of passive and the other 

controller systems for most of the frequencies 

between 8 and 20 Hz, implying better handling 

compared with passive and active suspension 

with other controllers. According to the time 

domain results and RMS values of front wheel 

dynamic tire load under the passive suspension 

system and the active suspension with three 

control methods, the RMS value of dynamic tire 

load is reduced from 527 (N) in the passive 

suspension to 120 (N) when the active 

suspension with H-infinity control is used. The 

RMS value of the rear dynamic tire load is 

reduced from 493 (N) in the case of passive 

suspension to 112 (N) when an active suspension 

system with H-infinity control is used. 

Table 3, shows the different types of hydro-

pneumatic suspension controls and their RMS 

acceleration, displacement, and dynamic tire 

load values, which means that there is different 

ride comfort and handling for each type of 

control. It can be seen from the results that the H-

infinity control has a lower RMS body 

acceleration and wheelbase value than the other 

control systems so more driving comfort is 

provided. Driving comfort and RMS acceleration 

value have an inversely proportionate 

relationship to one another. The dynamic RMS 

tire load values on both the front and rear wheels 

give a lower value when the H-infinity control 

strategy is used. Table 3, demonstrates that, as 

compared to the passive suspension, the 

dynamic tire load RMS improved by 77% and 

76% by using the active hydro-pneumatic 

suspension based on hybrid control for the front 

and rear wheels, respectively. 

 
Table 3. RMS values of the different suspension controllers. 

No Type of control Body Acc. Pitch Acc. Front SWS. Rear SWS. Front DTL. Rear DTL 

1 Passive 0.5975 0.05533 0.01036 0.006219 493.4 537.2 

2 LQR 0.3562 0.02366 0.005646 0.00328 154.4 170.6 

3 PID 0.3311 0.01943 0.005193 0.003673 151.5 218.7 

4 H-infinity 0.1076 0.004258 0.00291 0.002067 112.8 120.7 
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Figure 6. Comparison between the passive, active LQR, PID, and H-infinity hydro-pneumatic suspension systems 

in terms of suspension working space (SWS) with a random road for the front wheel. (a) Time domain. (b) 

Frequency domain. (c) PSD (d) RMS. 
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Figure 7. Comparison between the passive, active LQR, PID, and H-infinity hydro-pneumatic suspension systems 

in terms of suspension working space (SWS) with a random road for the rear wheel. (a) Time domain. (b) 

Frequency domain. (c) PSD (d) RMS. 
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Figure 8. Comparison between the passive, LQR, PID, and H-infinity hydro-pneumatic active suspension systems 

in terms of dynamic tire load with random road for the front wheel. (a) Time domain. (b) Frequency domain. (c) 

PSD (d) RMS 
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Figure 9. Comparison between the passive, LQR, PID, and H-infinity hydro-pneumatic active suspension systems 

in terms of dynamic tire load with random road for the rear wheel. (a) Time domain. (b) Frequency domain. (c) 

PSD. (d) RMS.  
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A higher DTL, however, denotes unfavorable 

conditions for maintaining the appropriate level 

of vehicle stability. Table 3, also includes the RMS 

values of the working space of the front and rear 

suspensions for passive and active suspension 

systems. These results demonstrate that the 

workspace of the front and rear suspensions with 

the hybrid control technique is much smaller than 

the working space with the other dynamic control 

systems. As a consequence, driving comfort may 

be enhanced without changing the working space 

of the suspension. 

 

7. Conclusion 

In summary, a controlled hydro-pneumatic 

suspension system with four degrees of freedom 

has been developed. The system employs three 

distinct control strategies, namely LQR, PID, and 

H-infinity control, to effectively regulate vertical 

vibrations. Through comprehensive evaluation 

using Matlab/Simulink and subjecting the system 

to random road excitation, the performance of the 

active suspension model has been compared to its 

passive suspension counterpart. The control 

strategies, which utilize body verticals, wheelbase 

acceleration, dynamic tire load, and suspension 

working space, have been thoroughly examined. 

The H-infinity-controlled active suspension 

system has demonstrated significant 

enhancements, achieving an 81% improvement in 

body acceleration and a 92% improvement in 

pitch acceleration compared to the passive hydro-

pneumatic suspension. Similarly, the LQR-

controlled suspension exhibited a 40% and 57% 

enhancement in body and step acceleration, 

respectively, compared to the passive counterpart. 

The PID-controlled suspension yielded 

improvements of 64% and 44% in step 

acceleration and body acceleration, respectively, 

over the passive hydro-pneumatic suspension. 

Furthermore, the H-infinity control strategy 

notably expanded the working space of the front 

and rear suspensions by 72% and 67%, 

respectively, compared to the passive suspension. 

The LQR-controlled suspension improved the 

working space of the front and rear suspensions 

by 46% and 47%, respectively, relative to the 

passive suspension. The PID-controlled 

suspension demonstrated a significant 

improvement in the working space of both the 

front and rear suspensions, with a 50% increase in 

the front suspension and a 41% increase in the rear 

suspension compared to the passive suspension. 

These results showed that the active suspension 

system with the new damper, particularly when 

employing H-infinity and LQR control strategies, 

reduced the vertical vibrations and enhancing the 

overall performance of the suspension system and 

therefore the stability of the vehicle specially 

during cornering. 
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