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1 Introduction  

 

Over the years, the automotive industry has been pursued to enhance quality and increase the 

handling ability in vehicles [1]. Suspension system of vehicles, as a member in vehicles, has a 

main function in provision of ride comfort and rollover stability control [2]. This system must 

be able to absorb the vibration caused by road surface roughness (which is the main source of 

vibrations in the vehicle) and also keeps the balance of the vehicle through circuitous routes 

[3]. Suspension systems can be listed in terms of controllability, positioning, and wheels 

dependency or independency [4].  
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Stability Investigation of Hydraulic 

Interconnected Suspension System of a 

Vehicle with a Quaternion Neural 

Network Controller 

Using hydraulic interconnected suspension (HIS) system to 

improve the stability of the vehicles is a matter of recent 

interest of many scholars. In this paper, application of this kind 

of suspension system and its impact on the stability of the 

vehicle are studied. The governing dynamic relations of the 

system are presented, using free body diagram, Newton-Euler 

motion equations, and relations related to the mass flow rate 

of fluid. By completing the design of the passive suspension 

system and the hydraulic interconnected suspension system 

and employing the half car model in the transverse direction 

with four degree of freedom, MATLAB® (V.8.1) /Simulink 

(MATLAB® is a software package produced by The Math 

Works, Inc.) software is used to investigate and compare the 

body and wheel responses of the vehicle in exposure to road 

surface roughness. In the end, quaternion neural network 

controller has been used due to the obtained nonlinear 

equations in interaction of suspension system as well as the 

coupled differential equations. Using quaternion neural 

network controller, the results indicated that the stability of 

vehicle and ride comfort are increased and also more smooth 

responses are generated. 
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Using a hydraulic interconnected suspension (HIS) system not only could augment rolling 

hardness along with rollover damping factor in vehicles, but also it could provide an ease of 

ride [5]. Miller and Nobles [6] used an elasticated rubber in their innovative suspension system 

called " Hydraulic Interconnected Suspension System" and then optimized it in the next design. 

The system did not include any fluid flow between the front and rear suspension systems under 

influence of vertical movement and roll angle, and instead, the gas in the upper compartment 

is compressed regarding the wheel movement. But, the fluid flow between the front and rear 

suspension systems reduces bounce motion (in fact, the pitch angle reduces) due to the impact 

of pitch angle. As a result, driving under the pitch angle will be improved in the suspension 

system developed by Miller and Nobles.  

Allison [7] used a type of a mechanical interconnected suspension system with a trailing arm 

at the rear of the vehicle. In this suspension system, the amplitude of pitch angle is reduced due 

to a internal connection between the front wheels and the rear wheels. The main drawback of 

this suspension system was its low anti-rolling frequency as well as the loose control over the 

yaw angle during the dynamic load implementation. Esfahani et al. [8] and Zhang et al. [9] 

have modeled other types of passive and semi-active suspension systems with hydraulic 

interconnected concept and dynamic analysis. The mathematical model developed by these 

scholars to analyze and calculate the response of vehicle under vertical displacement and roll 

angle demonstrated that the resistance of a vehicle with such a suspension system to roll angle 

is higher than the conventional vehicles. In this system, a variable and self-leveling damper can 

be used to improve performance of the vehicle.  

Cao et al. [10] also suggested an interconnected suspension system with a hydro-pneumatic 

feedback unit. The experimental and analytical methods used in this design revealed that using 

this suspension system in the vehicle will increase controllability of the rolling stability and 

travel comfort. The major problem with design of the hydro-pneumatic suspension system is 

the large diameter of the cylinder as well as initial dimensions and pressure of the reservoir, 

which makes it difficult to handle from design and maintenance standpoints. Zhu et al. [11] 

modeled and optimized the pitch angle of a pneumatically interconnected suspension (PIS) 

system. They presented a new method for analysis of mode and transmissibility properties. The 

optimization results revealed that this suspension system can reduce the pitch vibration. 

Pneumatic resonance frequency can be controlled by pipe length, pipe diameter and local loss 

factor in terms of the pipe parameters.  

Zou et al. [12] simulated another type of a HIS system that was based on a hydraulic energy-

regenerative shock absorber (HESA). The simulation results presented excellent softness of the 

vehicle and passenger comfort compared to the passive suspension system. Chen et al. [13] 

investigated the influence of key parameters of the HIS system on the vehicle’s dynamics and 

also carried out a validation based on available experimental data.  

The results indicated that the slope of the roll angle and left-tire force in the z-axis direction is 

negatively correlated with the oil pressure. Furthermore, the key parameters of the HIS system 

have subtle impact on the maximum lateral acceleration. Bouazara and Richard [14], Bagheri 

et al.[15], Nariman-Zadeh et al. [16], and Thompson [17] have conducted numerous 

investigations on active suspension systems. The results of these scholars demonstrated that 

this type of suspension system creates an excellent design to redress the balance between the 

travel comfort and the hardness of the roll and pitch angles. These systems consist of hydraulic 

controllers and servo-mechanical valves [18]. Of course, high energy consumption in the active 

suspension system limits their general use in vehicles [19]. 
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In this paper, the stability of a vehicle with an HIS system and a quaternion neural network 

controller is carried out. The governing relations of the system at dynamic state are expressed, 

using free body diagram, Newton-Euler motion, and fluid relations. Regarding selection of the 

MacPherson suspension system for the first vehicle, the values of the spring stiffness and the 

shock absorber damping are considered in the model analysis section.  

While completing design of the hydraulic interconnected suspension system, the vehicle’s body 

and wheels response to the road coarseness is investigated and compared with each other using 

MATLAB® (V.8.1)/Simulink (MATLAB® is a software package produced by The Math 

Works, Inc.) and considering the half car model with four degree of freedom in the transverse 

direction.  

In the end, the quaternion neural network controller has been used in order to improve behavior 

of the HIS system due to the nonlinear equations obtained from the suspension system 

interaction and coupled differential equations. The main novelties of present study are as 

follows: 

 

 Modeling and simulating half of the vehicle in transverse direction with the 

conventional passive suspension system in MATLAB® (V.8.1)/Simulink, 

 Modeling and simulating half of the vehicle in transverse direction with the hydraulic 

interconnected suspension system in MATLAB® (V.8.1)/Simulink and 

 Improving the stability performance of the vehicle by selecting quaternion neural 

network controller 

 The overall schematic of the problem in previous studies is that the bottom chamber of 

the hydraulic cylinder of the left suspension is directly connected to the upper chamber 

of the hydraulic cylinder of the right suspension [13]. Since the lower and upper 

chambers of the cylinders do not have the same volume due to the presence of the piston 

rod; the controllability of the rolling stability of the vehicle would be difficult during 

movement if the cylinders are directly connected. This problem has been fixed in the 

designed model through this study (Illustrated in figure (1)). Also, the travel comfort 

and controllability of the rolling stability of the vehicle with current model have been 

improved dramatically in comparison with the passive suspension system. 

 

2 Mathematical modeling and design of the proposed HIS system 

 

2.1  System layout 

 

In the well-known suspension systems like Citroen Xantia, typically four hydraulic cylinders 

with four hydro-pneumatic spheres are used. In the proposed suspension system, instead of 

four hydro-pneumatic spheres, four cylinders similar to the main cylinders are used. It is 

noteworthy to mention that the hydraulic cylinders used in this system are not fed by any 

external source (accumulator) and are completely in a closed hydraulic circuit, so that oil only 

flows within a circuit which is defined between the four hydraulic cylinders. 
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Figure 1 The proposed half car model in transverse direction with HIS system. 

 
 Figure (1) illustrates schematic of the proposed hydraulic suspension system. As shown in 

figure (1), the lower compartment of the left-hand hydraulic suspension cylinder should be 

connected to the upper compartment of the right-hand hydraulic suspension cylinder. This 

connection cannot be accomplished directly since the bottom and top of the cylinders do not 

have the same volume. It is noteworthy to mention that the main reason of unequal volume at 

both sides of the cylinder is the rod of the piston in the upper part of the cylinder.  

Two other hydraulic cylinders with a same size are used in order to solve this issue. These two 

hydraulic cylinders only have a balancing role in volume and do not play a leading role in 

absorbing and damping the forces due to the weight and dynamics of the vehicle. For this 

purpose, the iso-volumetric parts (bottom part of the cylinder with the bottom part and upper 

part of the cylinder with the upper part) must be connected together. 

 

2.2  Mathematical modeling of the HIS system 

 

In order to evaluate the performance of the proposed hydraulic suspension system, first its 

mathematical model is extracted and then simulated in the MATLAB® (V.8.1)/Simulink 

software. In this scheme, two degrees of freedom are considered for sprung mass and only one 

degree of freedom is taken into consideration for each wheel of the vehicle. The Newton-Euler 

equations are used to express the behavior of the proposed model. The following equations can 

be expressed from the free body diagram depicted in figure (1): 

Vertical linear motion equation of the body based on Newton’s differential equation: 

                             ms�̈�s =  fl2 + fr2 +  kl(xul −  xs + llθ ) +  kr(xur −  xs − lrθ )        (1) 

In this equation, fl2 is the force exerted to the left side of the body by the main cylinder of the 

left side and fr2 is the force implemented to the right side of the body from the main right-side 

cylinder. 

The angular motion equation of the body based on the Euler differential equation: 

Isθ̈s =  −[ fl2 + kl(xul − xs +  llθ )]ll + [fr2 + kr(xur −  xs − lrθ )]lr                     (2) 
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The equation of motion of the left and right side wheels, respectively: 

mul�̈�ul =  ktl(xgl − xul ) +  ctl( �̇�𝑔𝑙 − �̇�𝑢𝑙 ) − fl1                                         (3) 

mul�̈�ul =  ktl(xgl − xul ) +  ctl( �̇�𝑔𝑙 − �̇�𝑢𝑙  ) − fl1                                     (4) 

In these relations, fl1 is the force exerted on the left wheel by the left main cylinder and fr1 is 

the force exerted on the right wheel by the right main cylinder. 

The equation of motion of the left and right side cylinders, respectively: 

mc�̈�ul =  fl1 −  kl(xul − xs +  llθ ) +   Pl2Al2 −  Pl1Al1                             (5) 

mc�̈�ur =  fr1 −  kr(xur −  xs − lrθ ) +   Pr2Ar2 − Pr1Ar1                          (6) 

In these equations, Pl1 and Pr1 are the lower chamber pressure of the left and right main 

cylinders, respectively. In addition, Pl2 and Pr2 are the upper chamber pressure of the left and 

right main cylinders, respectively. 

The equation of motion of the left and right side pistons, respectively: 

ma(�̈�s −  llθ̈ ) = −fl2 + ( Pl1Al1 − Pl2Al2)                                        (7) 

ma(�̈�s +  lrθ̈ ) = −fr2 + ( Pr1Ar1 − Pr2Ar2)                                       (8) 

The equation of motion of the left and right side cylinders and pistons together, respectively: 

mc�̈�ul +  ma(xs̈ −  llθ̈ ) =  fl1 − fl2 −  kl(xul −  xs + llθ )                           (9) 

mc�̈�ur +  ma(xs̈ +  lrθ̈ ) =  fr1 − fr2 − kr(xur − xs −  lrθ )                           (10) 

By comparing the equations related to the cylinders and pistons motion together and separately, 

it is observed that the equations derived from motion of both cylinder and piston together are 

actually the same equations aggregated by those of two separate parts. 

 
2.3  Flow through pipes 

 

Due to the small diameter of the connected tubes between the cylinders and negligible 

displacement of the wheels due to the small displacement of the cylinder and hydraulic piston, 

the Reynolds number is much less than 2,000. Therefore, the laminar flow assumption of fluid 

flow in the tubes between the cylinders is logical. Overall, the fluid flow through the whole 

hydraulic system (in cylinders and tubes) is presumed laminar. The volumetric flow rate 

through the tubes is linearly proportional with the pressure difference at two sides of the tube: 

∆𝑄 ∝ ∆𝑃 

The volumetric flow rate relationship for laminar flow through the tubes between the cylinders 

can be expressed as: 

∆𝑄 =
𝜋𝐷4

128𝜇𝐿
∆𝑃                                                            (11) 

Where, μ is the dynamic viscosity coefficient. Also, combining the relation 𝑄 = 𝐴�̇� with 

equation (11), the following relation can be articulated: 

𝜋𝐷4

128𝜇𝐿
∆𝑃 =  𝐴�̇�                                                            (12) 
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Figure 2 Sketch of four considered hydraulic cylinders for the proposed suspension system. 

 

 

When numerating, the value of D (diameter of the connected tubes) is considered by default 

the same in all tubes. In the case of the L (length of the connected tubes), its value in the tubes 

connecting the adjoining cylinders by default is 1/3 of the value in the tubes connecting the 

non-adjoining cylinders. The value of μ is unique in all relations since only one fluid is used in 

all hydraulic systems. According to equation (12), the flow rate relations of the hydraulic tubes 

between the cylinders are expressed. Overall, there are four hydraulic links, and hence four 

equations can be written for them. The number of flow rates (Q) and cylinder chambers are 

based on the numerical value given in figure (2). 

Flow through the tubes between the first and third left-hand cylinders (Q1): 

𝜋𝐷1
4

128𝜇𝑙1
( Pl1 −  Pl3) = Al1[ �̇�𝑢𝑙 − (�̇�𝑠 − 𝑙𝑙�̇�) ]                                (13) 

Flow through the tube between the chamber of the second main left-hand cylinder and the 

second chamber of the volumetric balanced right-hand cylinder (Q2): 

𝜋𝐷2
4

128𝜇𝑙2
( Pr4 −  Pl2) = Al2[ �̇�𝑢𝑟 − (�̇�𝑠 + 𝑙𝑟�̇�) ]                                (14) 

Flow through the tube between the first and third chambers of the right-hand cylinders (Q3): 

𝜋𝐷3
4

128𝜇𝑙3
( Pr1 −  Pr3) = Ar1[ �̇�𝑢𝑟 − (�̇�𝑠 + 𝑙𝑟�̇�) ]                              (15) 

Flow through the tube between the chamber of the second main right-hand cylinder and the 

second chamber of the volumetric balanced left-hand cylinder (Q4): 

𝜋𝐷4
4

128𝜇𝑙4
( Pl4 −  Pr2) = Ar2[ �̇�𝑢𝑙 − (�̇�𝑠 − 𝑙𝑙�̇�) ]                             (16) 

Piston motion equation for the volumetric balanced left- and right-hand hydraulic cylinders, 

respectively: 

ma(ẍul − (ẍs − llθ̈ )) = Pl3Al3 − Pl4Al4                                 (17) 

ma(ẍur − (ẍs + lrθ̈ )) = Pr3Ar3 −  Pr4Ar4                               (18) 

Flow rate proportionality equation for the main left-hand cylinder: 
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𝑄1

Q2
=

Al1

Al2
 

𝜋𝐷1
4

128𝜇𝑙1
( Pl1 −  Pl3)

𝜋𝐷2
4

128𝜇𝑙2
( Pr4 −  Pl2)

=
Al1

Al2
 

Al2 ×
𝐷1

4

𝑙1
( Pl1 −  Pl3) = Al1 ×

𝐷2
4

𝑙2
( Pr4 −  Pl2)                                 (19) 

Flow rate proportionality equation for the main right-hand cylinder: 

𝑄3

Q4
=

Ar1

Ar2
 

𝜋𝐷3
4

128𝜇𝑙3
( Pr1 −  Pr3)

𝜋𝐷4
4

128𝜇𝑙4
( Pl4 −  Pr2)

=
Ar1

Ar2
 

Ar2 ×
𝐷3

4

𝑙3
( Pr1 −  Pr3) = Ar1 ×

𝐷4
4

𝑙4
( Pl4 −  Pr2)                                  (20) 

 

3 Quaternion neural network controller 

 

Artificial neural networks are able to learn very complex relationships through a massive 

amount of information and data with similar structure like the human brain [20]. This unique 

feature has led to widespread use of artificial neural networks in engineering as well as in other 

sciences. Artificial neural network is used disparately in pivotal applications in engineering 

science including but not limited to design [21], optimization of various control systems [22], 

optimal decision making in engineering projects [23], reverse engineering [24], system 

modeling [25], and identifying errors in industrial and technical systems [26].  

In this section, quaternion neural networks have been applied to the inverse kinematic 

equations of the proposed HIS system. In order to assess the ability of these kinds of controllers, 

the schematic of different blocks for these controllers is suggested. Schematic of the first block 

diagram of the control system that uses neural networks is illustrated in figure (3). In this block 

diagram, the HIS system is located in the forward section. Input to the neural system of the 

final operator position (𝒑 = 𝒑𝒙𝒊 + 𝒑𝒚𝒋 + 𝒑𝒛𝒌) that is achieved by orienting the link (𝜽 =

𝜽𝟎𝒊 + 𝜽𝟏𝒋 + 𝜽𝟐𝒌) and the predictable output for orientation towards correcting links via 

quaternion neural networks (�̃� = �̃�𝟎𝒊 + �̃�𝟏𝒋 + �̃�𝟐𝒌) [22]. In the first block diagram, the 

quaternion neural networks will operate without retrofit capabilities since in this sketch the HIS 

system is directly connected to the quaternion neural networks and its impact on the system is 

observable immediately after convergence of the solutions. 

To improve the first block diagram performance, the second schematic is considered and 

depicted in figure (4). Input of the control system is the desirable position in the HIS system 

(𝒑 = 𝒑𝒅𝒙𝒊 + 𝒑𝒅𝒚𝒋 + 𝒑𝒅𝒛𝒌) and the output is prediction of the neural networks from the 

modified link direction (�̃�).  �̃� is actually derived from a comparison of the final position (𝒑) 

and the modified position (𝒑𝒅).  
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Figure 3 Schematic of the first block diagram of the quaternion neural network controller. 

 

 

Figure 4 Schematic of the second block diagram of the quaternion neural network controller. 

 
In the new sketch, 𝒑𝒅 also provides a regular maintenance of position in the Cartesian space. 

In accordance with the quaternion reversible algorithm, the update relation can be expressed as 

follows [27]: 

∆𝑾 = ∑ 𝝁 (−
𝝏𝑱

𝝏𝒑𝒏

𝝏𝒑𝒏

𝝏𝒀𝒌

𝝏𝒀𝒌

𝝏𝑾
)𝒏=𝒙,𝒚,𝒛                                               (21) 

Where, 𝒀𝒌 is the 𝑘th output of the quaternion neural network and 
𝝏𝒑𝒏

𝝏𝒀𝒌
 is the Jacobian system. 

When the functions of the HIS system are known, the Jacobian of the system can be calculated 

by deriving the functions associated with each input. 

However, some other methods are used to estimate dynamical functions when the functions of 

the HIS system has not been determined [28]. One of these methods is the artificial quaternion 

neural network to estimate equations, which is also referred to as the topology of special 

learning in neural network [27].  

In this scheme, two quaternion neural networks have been used. The first quaternion neural 

network is a controller to estimate the kinematics of the HIS system, whilst the second 

quaternion neural network is used to predict the functions of the system. This sketch can 

outstrip without modifying the controller as it is connected to different systems. 

 

4 Simulation of the proposed suspension system using MATLAB®(V.8.1)/Simulink 

software 

 

It is imperious to present a cohesive mathematical model of the investigated systems in the 

Simulink for simulation purposes. In Simulink, physical models are depicted in terms of 

graphics and block diagrams [5]. Simulink is numerically able to estimate responses of 

mathematical models that cannot be solved manually or analytically [12]. In this section, the 

Simulink and Simscape (sub-sections of SimMechanics and SimHydraulics) libraries in 

MATLAB® (V.8.1)/Simulink software have been used [4].  



Stability Investigation of Hydraulic Interconnected ...   

 

137 

First and foremost, the half car model in the transverse direction with a passive suspension 

system (conventional suspension system with constant spring and damping coefficients) will 

be simulated and analyzed. In the following, the half car model in the transverse direction with 

a HIS system and a QNN controller is simulated and analyzed and its merits versus of the 

passive suspension system is extensively discussed.  

Also, the response of wheels and body with respect to road bumps in both of the above-

mentioned suspension systems are outlined and discussed. 

 

4.1  Validation 

 

In this section, the experimental results of Zhang et al. [9] have been used to show the accuracy 

of present simulation. Figure (5) depicts variations of the frequency response of the right wheel, 

bounce, and rolling in the vertical direction. As can be seen, the difference in results is less 

than 10% in all frequencies, which indicates the acceptable accuracy of the simulation. 

 
 

 

(a) 

 

(b) 
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(c) 
Figure 5  Model verification between present study and experimental results of Zhang et al. [9] for: (a) the 

frequency response of the right wheel, (b) bounce, and (c) rolling in the vertical direction. 

 

4.2  Half car model in transverse direction with the passive suspension system 

 

In this section, spring and shock absorber systems are used to model the wheel tires and the 

passive suspension system as well (Figure (6)) [29]. Also, a homogeneous and wide rod-shaped 

body that only has an inertia moment in the perpendicular direction of the plane (along the Z-

axis) is used to model the body [18]. In the SimMechanics, simulation is usually accompanied 

with initial oscillations, until the model reaches a stable condition [30]. Therefore, the input is 

employed after damping of the initial oscillation (here, from the third second onward).  

To simulate the model, the height of the obstacle and the speed of the car (as passing from the 

obstacle) are assumed 10 cm and 54 km/h, respectively.  

According to the height of the obstacle, the assumed speed is an excellent performance 

indicator of the suspension system at a relatively critical condition. In both models investigated 

in this paper, the x-axis is presumed along the vehicle’s width, the y-axis is in the vehicle's 

height direction, and the z-axis is outwardly perpendicular to the plate [31]. The center of the 

coordinates is also located on the left and bottom of the sketch (exactly below the left-hand 

wheel). 

     According to figure (5), the input signal is fed to the wheel set-up via a joint actuator. In 

this method, all three curves of the position-time, speed-time, and acceleration-time (as inputs) 

are initially supplied to the system (Figure (7)). All three curves are combined through a Mux 

block and then entered to the joint actuator via a line. 
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Figure 6 Half car model in the transverse direction with the passive suspension system. 

 

 

Figure 7 Input elements between the left wheel and earth. 
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Table 1  Input data for the suspension system of the vehicle [11]. 

Parameter Unit Value 

Mass of vehicle, 𝑚𝑠 kg 690 

Right-hand unsprung mass, 𝑚𝑢𝑟 kg 35 

Spring stiffness of the right-hand suspension system, 𝐾𝑠𝑟 N/m 18,000 

Hardness coefficient of right-hand wheel, 𝐾𝑡𝑟 N/m 200,000 

Damping coefficient of the right-hand suspension shock absorber, 𝐶𝑠𝑟 N.s/m 1,500 

Damping coefficient of the right-hand wheel, 𝐶𝑡𝑟 N.s/m 400 

Transversal distance of gravity center of the body and right-hand suspension system, 𝑙𝑟 m 1 

Height of obstacle from right-hand wheel, 𝑋𝑔𝑟 m 0.1 

Track distance, 𝑇 m 2 

Gravity acceleration, 𝑔 m/s2 9.81 

Car speed when passing the obstacle, 𝑉 m/s 15 

Distance of chassis from road surface, 𝑦1 m 0.64 

Radius of car wheel, 𝑟 m 0.2 

Unsprung mass (left-hand), 𝑚𝑢𝑙 kg 35 

Spring stiffness coefficient of the left-hand suspension system, 𝐾𝑠𝑙 N/m 18,000 

Hardness coefficient of left-hand wheel, 𝐾𝑡𝑙 N/m 200,000 

Damping coefficient of the left-hand suspension shock absorber, 𝐶𝑠𝑙 N.s/m 1,500 

Damping coefficient of the left-hand wheel, 𝐶𝑡𝑙 N.s/m 400 

Transversal distance between the gravity center of the body and left-hand suspension 

system, 𝑙𝑙 

m 1 

Height of obstacle from left-hand wheel, 𝑋𝑔𝑙 m 0.1 

 

 

 

4.3  Half car model in transverse direction with the HIS system 

 

In this model, the configuration of the springs, masses, the characteristics of the tires and the 

left and right inputs are similar to the passive suspension system. In this layout, four double-

sided hydraulic cylinders with interconnected pipes and connections between them instead of 

the conventional shock absorbers are used [32]. The body of the main hydraulic cylinders is 

connected to the wheel hub from the bottom, whilst the piston is connected directly to the body 

from the upper part. In this design, the body of the volume balanced hydraulic cylinder is 

welded to an appropriate point of the chassis or body, while the piston of these cylinders are 

not connected anywhere and move freely (Figure (8)).  
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In this model, the connection between the body and the wheels is considered linear, and hence 

springs with a linear joint attachment are used. The body, like the passive suspension system, 

has two degrees of freedom (vertical and angular motion).  

The blocks of the wheels vibrate vertically and are directly influenced by motion of the body 

of the left and right hydraulic cylinders. 

     This model has two solvers, namely the Simulink and SimMechanics solver (which is 

Ode15s), and the other is the SimHydraulics, which is actually a local solver. In the 

SimHydraulics solver, the inverse Euler based on the quaternion neural network method is 

available which is used in this study (Figure (9)).  

In this system, the hardness of the spring connected to the balanced hydraulic cylinder is 

assumed approximately zero (0.000001 N/m) and the initial deformation is set to zero. In order 

to consider the coulomb and viscous friction caused by the slip of fluid layers over the surface 

of each other and solid, the friction block is connected to the hydraulic cylinders in parallel. In 

this suspension system, rigid pipes with circular cross-section are used [6]. The inner diameter 

of the pipe is 7 mm and the initial pressure is 1 atmosphere [8].  

As shown in figure (2), the length of the hydraulic tube of the adjoining chambers (Q1, Q3) is 

assumed 0.5 m and the length of the hydraulic tube of the apart chambers (Q2, Q4) is presumed 

1.5 m. The hydraulic fluid used in this system is also a brake fluid with five US departments 

of Transportation (DOTs) [33]. This oil is extremely hydrophobia and has a low viscosity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Iranian Journal of Mechanical Engineering                    Vol. 20, No. 1, March 2019 

 

 

142 

 

 

 

Figure 8 Half car model in the transverse direction with the HIS system. 
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Figure 9 The HIS system and quaternion neural network controller. 

 

5 Results and discussion of simulation 

 

Comparison Analysis In order to illustrate the dynamic performance of the vehicle with HIS-

QNN, simulations are taken into account. In this manner, the stochastic road is selected as the 

excitation of the vehicle with HIS-QNN and the vehicle parameters are initialized as in Table 

(1). Moreover, the HIS-QNN dynamics are compared to those of the conventional suspension 

system. The dynamics of both suspension systems are shown in figure (10). The results 

suggested that HIS-QNN can resist the Roll motion and it can also maintain good ride 

performance what makes the HIS-QNN is slightly better than the conventional suspension. 

The dynamic response of the body and the right and left wheels to the hardness of the road 

surface are considered as effective factors in evaluation of the suspension system. In analysis, 

the right wheel will always pass through the obstacle. Due to the fact that the initial oscillations, 

caused by weight of the body and wheels, are less important for understanding the properties 

of the vehicle, all sketches have been displayed from the third second onward. In all figures, 

there are three curves each with different colors. Black color indicates the curve of the passive 

suspension system, green color indicates the curve of the HIS suspension system, and blue 

color indicates the curve of the HIS suspension system with a quaternion neural network 

controller. In the hydraulic suspension system the oscillation amplitude in all diagrams is 

reduced compared to the passive suspension system due to the interconnection between the 

chamber of the hydraulic cylinders and the coupling of the wheels with each others.  

Also, in all diagrams, the response of the HIS system with a quaternion neural network 

controller is smoother than other systems, which improves the stability of the vehicle. 
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Figure 10 The comparison between the conventional suspension system and the HIS-QNN. 

 

 

Figure 11 The body response for three examined suspension systems when both wheels pass the obstacle. 

 

As figure (11) exhibits, the maximum peak overshoot of the body when both wheels pass 

through the obstacle is 0.73 m for the passive suspension system, 0.7 m for the HIS system and 

0.67 m for the HIS system with a quaternion neural network controller. 
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Figure 12 The body response for three examined suspension systems when only 

 right wheel passes the obstacle. 

 

 

Figure 13 The left or right wheel response for three examined suspension systems when two 

 wheels pass the obstacle. 

 

As figure (12) exhibits, the maximum peak overshoot of the body when only right wheel passes 

through the obstacle is 0.7 m for the passive suspension system, 0.67 m for the HIS system and 

0.66 m for the HIS system with a quaternion neural network controller. 

As figure (13) indicates, the maximum peak overshoot of the left or right wheel when both 

wheels pass through the obstacle is 0.3 m for the passive suspension system, 0.27 m for the 

HIS system and 0.23 m for the HIS system with a quaternion neural network controller. 
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Figure 14 The right wheel response for three examined suspension systems when only 

 right wheel passes the obstacle. 

 

 

Figure 15 The left wheel response for three examined suspension systems when only 

 right wheel passes the obstacle. 

 

As figure (14) displays, the maximum peak overshoot of the right wheel when only right wheel 

passes through the obstacle is 0.29 m for the passive suspension system, 0.25 m for the HIS 

system and 0.22 m for the HIS system with a quaternion neural network controller. 

As figure (15) portrays, the maximum peak overshoot of the left wheel when only right wheel 

passes through the obstacle is 0.24 m for the passive suspension system, 0.23 m for the HIS 

system and 0.21 m for the HIS system with a quaternion neural network controller. 

 

6 Concluding remarks 

 

Continued previous research [34-36], in this paper, the paramount significance of the hydraulic 

interconnected suspension system with a quaternion neural network controller in the stability 

of a vehicle is thoroughly discussed. The results of simulation carried out by MATLAB® 

(V.8.1)/Simulink software demonstrated that the implementation of the quaternion neural 

network controller on the hydraulic interconnected suspension system reduces the 

displacement amplitude of the body and wheel in the exposure to the bumps of the road.  
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The maximum peak overshoot of the body when both wheels pass through the obstacle (Figure 

(11)) for the HIS system with a quaternion neural network controller is 8% less than the passive 

suspension system. The ride comfort of the passengers is also improved with the use of this 

controller. The comparison of the diagrams exhibited that the HIS system has a high ability to 

redress the balance when a wheel passes through an obstacle.  

Also, the damping of oscillation in this system is high. This indicates that, after the first 

oscillation, the next oscillations amplitude will be dramatically reduced. Regarding the 

discussed scenarios and the consequences that the HIS system is provided for the considered 

vehicle, selecting the quaternion neural network controller improves the stability of the vehicle. 
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Nomenclature 

 

ms: Mass of vehicle (kg) 

mul: Left-hand unsprung mass (kg) 

mur: Right-hand unsprung mass (kg) 

mc: Mass of cylinder (kg) 

ma: Mass of piston (kg) 

T: Track distance (m) 

g: Gravity acceleration (m.s-2) 

V: Car speed when passing the obstacle (m.s-1) 

y1: Distance of chassis from road surface (m) 

r: Radius of car wheel (m) 

θ: Roll Angle (Rad) 

θ̈s: Angular Acceleration (Rad.s-2) 

Is: Moment of inertia (kg.m2) 

xs: vertical linear motion of the body (m) 

ẍs: vertical linear acceleration of the body (m.s-2) 

xul: vertical linear motion of left-hand wheel (m) 

xur: vertical linear motion of right-hand wheel (m) 

ẋul: vertical linear velocity of left-hand wheel (m.s-1) 

ẋur: vertical linear velocity of right-hand wheel (m.s-1) 

ẍul: vertical linear acceleration of left-hand wheel (m.s-2) 

ẍur: vertical linear acceleration of right-hand wheel (m.s-2) 

fl1: the force exerted on the left wheel by the left main cylinder (N) 

fr1: the force exerted on the right wheel by the right main cylinder (N) 

fl2: the force exerted to the left side of the body by the main cylinder of the left side (N) 

fr2: the force exerted to the right side of the body from the main right-side cylinder (N) 

ll: Transversal distance of gravity center of the body and left-hand suspension system (m) 

lr: Transversal distance of gravity center of the body and right-hand suspension system (m) 

ktl: Hardness coefficient of left-hand wheel (N.m-1) 

ktr: Hardness coefficient of right-hand wheel (N.m-1) 

Ksl: Spring stiffness of the left-hand suspension system (N.m-1) 

Ksr: Spring stiffness of the right-hand suspension system (N.m-1) 

Csl: Damping coefficient of the left-hand suspension shock absorber (N.s.m-1) 

Csr: Damping coefficient of the right-hand suspension shock absorber (N.s.m-1) 

Ctl: Damping coefficient of the left-hand wheel (N.s.m-1) 

Ctr: Damping coefficient of the right-hand wheel (N.s.m-1) 

xgl: Height of obstacle from left-hand wheel (m) 
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xgr: Height of obstacle from right-hand wheel (m) 

Pl1: lower compartment pressure inside the main cylinder on the left (N.m-2) 

Pl2: upper compartment pressure inside the main cylinder on the left (N.m-2) 

 Pl3: lower compartment pressure inside the volumetric balanced cylinder on the left (N.m-2) 

 Pl4: upper compartment pressure inside the volumetric balanced cylinder on the left (N.m-2) 

Pr1: lower compartment pressure inside the main cylinder on the right (N.m-2) 

Pr2: upper compartment pressure inside the main cylinder on the right (N.m-2) 

 Pr3: lower compartment pressure inside the volumetric balanced cylinder on the right (N.m-2) 

 Pr4: upper compartment pressure inside the volumetric balanced cylinder on the right (N.m-2) 

Al1: lower compartment cross section inside the main cylinder on the left (m2) 

Al2: upper compartment cross section inside the main cylinder on the left (m2) 

Al3: lower compartment cross section inside the volumetric balanced cylinder on the left (m2) 

Al4: upper compartment cross section inside the volumetric balanced cylinder on the left (m2) 

Ar1: lower compartment cross section inside the main cylinder on the right (m2) 

Ar2: upper compartment cross section inside the main cylinder on the right (m2) 

Ar3: lower compartment cross section inside the volumetric balanced cylinder on the right (m2) 

Ar4: upper compartment cross section inside the volumetric balanced cylinder on the right (m2) 

∆Q: volumetric flow rate (m3.s-1) 

∆P: pressure difference (N.m-2) 

D: diameter of the connected tubes (m) 

μ: dynamic viscosity coefficient  (N.m-2.s) 

L: length of the connected tubes (m) 

π: pi (3.14159) 

∆W: quaternion reversible algorithm 

Y: output of the quaternion neural network 

 

 


