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Abstract – In co-simulation, a number of subsystems sharing details of a system, are coupled to 
exchange data. The subsystem level development of each package enhances the computational 
efficiency, and more sophisticated packages can be created. However, the data exchange is not 
always straight forward as different packages can be developed by different research or industrial 
centers. Therefore, some standards such as Functional Mock-up Interface (FMI) are developed to 
facilitate the data exchange in co-simulation or co-integration. In this work, the co-simulation 
approach is employed to investigate the effects of dissolved air on the dynamic performance of a 
hydraulically driven multibody system. To this end, the subsystems of multibody system dynamics 
and a hydraulic model are coupled by using the FMU procedure. The utilized FMUs are produced 
by using an XML model description and a C code for the hydraulic part. The multibody 
mechanism under investigation is a jib crane model containing three bodies. The model is studied 
by exciting different sine inputs having known frequencies while varying the amount of dissolved 
air in the hydraulic system. The results have illustrated that by increasing the amount of entrained 
air, the pressure amplitude decrease. In addition, the results demonstrated that the amount of the 
air does not have effects on shifting the system frequency. Copyright © 2020 The Authors. 
Published by Praise Worthy Prize S.r.l.. This article is open access published under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/). 
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Nomenclature 
AA Cylinder area 
AB Piston area 
Ai Rotation matrix of ݅௧௛ body 
௜ۯ
௝ Relative rotation matrix for 

continuous  ݅௧௛ body and ݆௧௛ body 
 ௝ Rotation matrix of ݆௧௛ bodyۯ
 ௧ Cross-sectional area of the valveܣ
Bi ݅௧௛ rigid body 
Bj ݆௧௛ rigid body 
C Quadratic velocity vector 
ܿ Constant related to the oil properties 
 ௗ Discharge coefficientܥ
 ௡ Corresponds to the variations ofܥ

density of air 
Cpv Valve flow rate coefficient 
Di Number of DOF for the ݅௧௛	joint 
௜܌
௝ Relative displacement vector between  

݆௧௛ and ݅௧௛bodies 
E Point location of the joint 
f Frequency 
 ௦ Force generated by the cylinderܨ
 ఓ Friction forceܨ
݇ Constant stands for the process 
݈ Stroke length in its maximum value 
la, lb, lc, ld, le,  
lf, lg, lh, li, lj 

Lengths for different parts of the jib-
crane model 

ll Length of the lift boom 
lp Length of the pillar 
lt, Length of the tilt boom 
 Mass matrix ۻ
ml Mass of lift boom 
mp Mass of pillar 
mt Mass of tilt boom  
Nb Number of bodies 
Nf Number of degrees of freedom 
௙್ܰ Number of relative degrees of 

freedom that considered from body 
Nb to the ground 

P Pressure 
஺ܲ, ஻ܲ Pressure values 

Pb Number of joints in the path from 
body Nb to the ground 

Pp Pump operation pressure 
P1, P2 Pressures of the throttle valve in its 

both sides 
PT Tank operation pressure 
 Generalized external force vector ۿ
Q Point location of the joint 
ܳ௏ Volumetric flow rate 
ܳ௜௡ Incoming flow rate 
ܳ௢௨௧ Outgoing flow rate 
ܳ௧ Volumetric turbulent flow rate 
 Generalized velocity vector ܙ̇
 Velocity transformation matrix ܀
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 ே್ Rows of the matrix R܀
ri Global position vector of a point on 

݅௧௛ body 
rj Global position vector of a point on 

݆௧௛ body 
 ௜ Rotated position vector of a point onܛ

݅௧௛ body with respect to the rotation 
matrix  

 ௜ Position vector of a point on ݅௧௛ bodyܛ̅
within its body reference coordinate 
system 

 Time ݐ
ܷ Spool position 
௜ܷ௡ Control signal 

ܸ Volume 
௜ܸ௡ Incoming hydraulic cylinder volume 
௢ܸ௨௧ Outgoing hydraulic cylinder volume 
 Piston position at each time step ݔ
 Relative joint velocity vector ܢ̇
 Constant stands for the process ߛ
 ௗ Corresponds to the variations ofߜ

density of air 
 Implicitly defines the air volume ߠ

fraction 
 Fluid density ߩ
 The effective bulk modulus ߚ
 ௟ Oil densityߩ
߬௩ Relaxation time 
૑௜ Global angular velocity of ݅௧௛ body 
૑෥ ௜ Skew-symmetric matrix of the global 

angular velocity of ݅௧௛ body 
૑௜
௝ Relative angular velocity between 

݅௧௛	and ݆௧௛ bodies 
૑௝ Global angular velocity of ݆௧௛ body 
Abbreviations 
avf Air volume fraction 
Amp Amplitude 
DOF Degrees of Freedom 
FMI Functional Mock-up Interface 
FMU Functional Mock-up Unit 
HLA High-Level Architecture 
MPI Message Passing Interface  
XML Extensible markup language 

I. Introduction 
In the application of mobile machines, power density 

is typically a critical design aspect. For this reason, 
mobile machines consist of mechanisms actuated by 
hydraulic power systems. Accordingly, in machine 
designing, it is important to analyze the coupled dynamic 
behavior of mechanical and hydraulic systems.  

Hydraulically driven mechanical systems can be 
analyzed by employing a combination of multibody 
system dynamics and lumped fluid theory. The multibody 
system often takes a larger time step in comparison with 
lumped fluid theory due to high numerical stiffness 
associated with the computation of hydraulics [1]. The 

high stiffness of hydraulics can be due to the presence of 
small volumes in the circuit in which their saturation 
time is smaller than one integration time step. These 
small volumes can be found in closed valves or at the end 
stroke of pistons. Kiani-Oshtorjani et al. [2] have 
introduced a perturbed model to overcome the numerical 
difficulty associated with a small volume in the hydraulic 
circuit. Accordingly, they proposed the use of an 
algebraic equation instead of a non-linear differential 
equation for modelling the small volumes. By doing so, 
they have succeeded in increasing the integration time by 
one order of magnitude. This model is successfully 
implemented by Rahikainen et al. [3] for a four-bar 
mechanism actuated with a hydraulic system. In addition 
to a small volume, the precise modelling of an effective 
bulk modulus can also alleviate the problems associated 
with the numerical instabilities of hydraulic simulations.  

This is simply because the bulk modulus is directly 
related to the stiffness of the hydraulic actuators. Many 
scholars have studied the formulation of the effective 
bulk modulus and evaluated the effect of entrained air in 
the fluid while increasing the pressure, as presented in 
the literature [4]-[11]. Higher and unrealistic values for 
the bulk modulus can lead to high frequency fluctuations 
in the system, and consequently, a smaller integration 
time step is needed. There are number of studies on 
coupling multibody system dynamics and the hydraulic 
circuit systems; specifically, many studies examine 
oscillation reduction and the optimal vibration damping 
in multibody system dynamics coupled with a hydraulic 
system [12]-[14]. A number of researchers have studied 
the improvement of a tuned vibration absorber and other 
techniques to reduce structural and control the vibrations 
[15]-[20]. In addition, several scholars have also studied 
on controlling the stiffness, damping characteristics, and 
flow stability that is induced by fluids [21]- [23]. Yuming 
Yin et al. have studied a hydro-pneumatic suspension 
system utilizing gas and oil. They used a suspension 
system with emulsion gas-oil and noticed that the 
entrapped gas in the system can remarkably influence the 
effective stiffness and damping properties [13].  

Furthermore, a number of studies have been done on 
dampers' design to create frictions in the joints between 
the bodies, generating shear force on rigid bodies by 
using fluids [24], [25]. It is well-known that the effective 
bulk modulus is directly influenced by the amount of 
entrained air [26]. Furthermore, the amount of the 
entrapped gas in the suspension system and the amount 
of entrained air (not the dissolved air [27] in the oil can 
affect the oil properties- especially the bulk modulus 
[28]. In the hydraulic circuit system, Yu et al. have 
considered the level of the entrained air in the fluid by 
evaluating 'the air bubble variation coefficient' and 'the 
ratio of specific heat for air'. They considered two values 
of the air bubble variation coefficient in the fluid. By 
increasing the pressure, the bulk modulus values 
decreased for the oil with greater air bubble variation 
coefficients [7], [26]. The aim of this study is to provide 
an understanding about the effects of the bulk modulus 
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on the dynamic performance of a multibody system. To 
this end, the amount of entrained air within the 
description of the bulk modulus is varied and analyzed.  

In this study, a mechanical system and hydraulics are 
solved using the C/C++ programming language. The 
FMU is used as an interface to transfer hydraulic data to 
the mechanical code. FMU is, in fact, the composition of 
the XML model description and a code written in C to 
solve the hydraulic circuit. In addition, Matlab-Simulink 
is used to provide the inputs for the hydraulics. The 
hydraulic circuit system is defined as containing two 
cylinder-pistons. The results will show that by increasing 
the amount of the entrained air in the oil, the 
oscillation/damping behavior of the system can be 
affected. 

The rest of the paper is organized as follows. Section 
II explains, the method, extracting the equations of 
motion for the multibody system and the hydraulic part.  

Section III introduces the numerical example. Section 
IV-results and discussion-details the differences in the 
results of the hydraulic system with different entrained 
air in the oil. The section also addresses the hydraulic 
system modelling used in the studied case. Conclusions 
are presented in the final section. 

II. Methods 
This section describes the equations of motion based 

on the semi-recursive multibody systems. Subsequently, 
the hydraulic formulation is expressed for hydraulic 
circuit systems which have interconnections with 
multibody systems. 

II.1. Equations of Motion 

In this section, equations of motion based on a semi-
recursive multibody approach are briefly reviewed. For 
each body, translational and rotational generalized 
coordinates are used to describe the system kinematics.  

These coordinates will be then transferred to relative 
joint coordinates to enhance computational efficiency 
[29]. A multibody system with Nb number of bodies, 
connected by kinematic constraints, bodies Bi and Bj 
with respect to the fixed frame O (Figure 1) are 
considered. 

 

 
 

Fig. 1. Two contiguous bodies 

Points Q and E in Fig. 1 are the joints’ positions on 
body Bi and body Bj, respectively. The joint relative 
displacement vector between two points Q and E is 
denoted by ܌௜

௝. The position rj at point E in the reference 
frame O can be written as: 
 

௝ܚ = ௜ܚ + ௜ܛ௜̅ۯ + ௜܌
௝ (1)

 
where ri is the position vector for the reference frame of 
body Bi with respect to the global coordinate, Ai is the 
rotation matrix of body Bi, ̅ܛ௜ is the location of Q in the 
reference frame of the body Bi. The body Bj rotation 
matrix can be expressed as: 
 

௝ۯ = ௜ۯ௜ۯ
௝ (2)

 
where ۯ௜

௝ is the relative rotation matrix for continuous 
body Bi and body Bj. Correspondingly, the expression’s 
velocities of point E can be written as: 

 
௝ܚ̇ = ௜ܚ̇ + ૑෥ ௜ܛ௜ + ௜܌̇

௝ (3) 
 

૑௝ = ૑௜ + ૑௜
௝ (4) 

 
where ̇ܚ௝, ̇ܚ௜, and ̇܌௜

௝, are the time derivatives of rj, ri and 
௜܌
௝, respectively. In equation (3), ૑෥ ௜ is a 3×3 skew-

symmetric matrix, and ܛ௜ =  ௜. In equation (4), ૑௝ andܛ௜̅ۯ
૑௜ are the angular velocities for bodies Bj and Bi, 
respectively, and ૑௜

௝ is the relative angular velocity 
between body Bi and body Bj. Using the kinematics 
shown above and by employing the concept of virtual 
work, equations of motion can be written as [30]: 

 
ܙ̈ۻ)୘ܙ̇ߜ + ۱	 − (ۿ = 0 (5)

 
where δ̇ܙ are the virtual velocities of generalized 
coordinates of dimension 6Nb, M is the diagonal mass 
matrix, ̈ܙ = ൛̈ܙଵ୘̈ܙଶ୘. . . ே್ܙ̈

୘ ൟ୘, ۱ = ൛۱ଵ୘۱ଶ୘. . .۱ே್
୘ ൟ୘, 

quadratic velocity vector, and ۿ = ൛ۿଵ୘ۿଶ
୘. . ே್ۿ.

୘ ൟ୘, 
external forces and torques, are vectors of dimension 
6Nb.  The terms in parenthesis in equation 5 express the 
Newton-Euler equation [30]. The term ܙ̇ߜ must satisfy 
the kinematic constraints, i.e. it should be kinematically 
admissible. The virtual velocity vector ܙ̇ߜ of dimension 
6Nb can be defined in terms of vector ܢ̇ߜ of the 
dimension Nf, where Nf is the number of degrees of 
freedom (DOF) of the system, and ܢ̇ߜ are the virtual 
velocities of the joint coordinates. The velocity 
transformation matrix, R, which relates the definition of 
the relative joint coordinates to the generalized 
coordinates, as below: 
 

ܙ̇ = (6) ܢ̇܀
 

where ̇ܙ is the generalized velocity vector, and ̇ܢ is the 
joint velocity vector. Equation (6) is valid when the 
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constraints are time independent. The acceleration of 
generalized coordinates can be obtained by taking 
derivatives of equation (6) with respect to time: 
 

ܙ̈ = ܢ̈܀ +  (7) ܢ̇܀̇
 
By using equations (6) and (7), equation (5) can be 

written as: 
 

ܢ̈܀൫ۻ୘ൣ܀୘ܢ̇ߜ + ൯ܢ̇܀̇ + ۱ − ൧ۿ = ૙ (8) 
 
Equation (8) for any virtual velocity ܢ̇ߜ୘ is actual, and 

the virtual velocities can be eliminated. Therefore, the 
equation of motion can be written as: 
 

ܢ̈܀ۻ୘܀ = ۿ)୘܀ − ۱) −  (9) ܢ̇܀̇ۻ୘܀
 

which expresses the Nf number of ordinary differential 
equations of motion with respect to relative joint 
coordinates. Note that, the rows of the matrix R are 
expressed in ܀ே್ when the zero columns are terminated.  

The matrix ܀ே್ has the size of (6 × ௙್ܰ) where ௙್ܰ is 
the number of relative degrees of freedom that are 
considered from body Nb to the ground [30]. Matrix ܀ே್ 
is illustrated as: 
 

ே್܀ = ቂ܀ே್
ଵ ே್܀

ଶ ே್܀
ଷ . . ே್܀.

௉್ ቃ (10) 
 

where Pb is the number of joints in the path from body Nb 
to the ground. The size for each submatrix ܀ே್

௜  is 6 ×  ,௜ܦ
where Di is the number of DOF for the joint i. The term 
ே್܀
௜  is expressed in the literature for different joint types 

[30]. By using cut-joint, closed-loop systems can be 
changed to open-loop ones [31], [32]. The equations of 
motion for a closed-loop system, which is converted to 
an open-loop system are presented by Avello et al.  [30]. 

II.2. Hydraulic Modeling 

This section starts with describing the lumped fluid 
theory to model the hydraulic circuit system and 
continues to elaborate on the hydraulic parameters 
affecting the simulation time step. 

Lumped Fluid Theory: in this study, the hydraulic 
equations are formed by implementing the lumped fluid 
theory. In this method, the hydraulic circuit is modeled 
by assuming evenly distributed pressures in distinguished 
volumes.  

Differential equations are considered for the volumes 
in which the pressures are solved. In this case, the 
volumes are set apart from each other using a throttling 
that the fluid will flow through. Furthermore, the 
throttles are used in substitute for flow control valves, 
pressure valves, and the pipelines that are used in real 
systems. According to the lumped fluid theory, the 
pressure in the volume of the hydraulic circuit can be 
calculated using a differential equation as follows [33]: 

݀ܲ
ݐ݀

=
ߚ
ܸ
൬ܳ௜௡ − ܳ௢௨௧ −

ܸ݀
ݐ݀
൰ (11)

 
where P is the pressure, β is the effective bulk modulus, 
V is the volume, Qin is the incoming flow rate and Qout is 
the outgoing flow rates, and ௗ௏

ௗ௧
 is the volume V changing 

with respect to time. The container flexibility and the 
dissolved air effects are taken into account in the fluid 
bulk modulus, by definition of the effective bulk 
modulus [27]. Moreover, the explanation of the 
volumetric turbulent flow rate Qt is as follows [34]: 
 

ܳ௧ = ௧ඨܣௗܥ
2( ଶܲ − ଵܲ)

ߩ
 (12)

 
where Cd is the discharge coefficient, At is the cross-
sectional area of the valve, P1 and P2 are pressures of the 
throttle valve on both its sides, and ρ is the fluid density.  

The semi-empirical method is utilized in this study, to 
explain the volumetric flow rate that means that the 
valve's parameters are derived via measurements [35].  

Generally, the dimensions and the input pressures can 
be used to model a hydraulic cylinder. The hydraulic 
cylinder volume can be written as follows: 
 

௜ܸ௡ =  ஺ (13-a)ܣݔ
 

௢ܸ௨௧ = (݈	 − ஻ (13-b)ܣ	(ݔ
 

where AA and AB are the areas of the piston’s front side, 
and the piston rod’s side surfaces, respectively, l is the 
stroke length in its maximum value, and x is the piston 
position at each time. The piston motions create the 
volumetric flow rate that can be shown as: 
 

ܳ௜௡ = ஺ (14)ܣݔ̇
  

ܳ௢௨௧ =  ஻ (15)ܣݔ̇−
 
The force Fs, which is generated by the cylinder, can 

be formed as: 
 

௦ܨ = ஺ܲܣ஺ − ஻ܲܣ஻ − ఓ (16)ܨ
 

where Fμ is the friction force, and PA and PB are the 
pressure values.  

The spool position of the valve, U, describes the valve 
behavior and can be written for magnetically actuated 
valves by using a first-order differential equation: 
 

ܷ̇ = ௜ܷ௡ − ܷ
߬௩

 (17)

 
where Uin is the control signal, and τv is the relaxation 
time of the valve.  

The flow rate in the system is related to the spool 
position of the valve, which can be written as: 
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ܳ௏ =  (18) ܲ߂√2ܷܿ
 

where ܳ௏ is the volumetric flow rate and c is the 
constant, related to the oil properties. The effective bulk 
modulus: The simulation of complex systems combining 
the mechanical and hydraulic parts usually takes smaller 
time steps compared to pure mechanical ones. A number 
of parameters affect the hydraulic stiffness, which cause 
the mechanical system response [36], including the 
presence of a small volume in the circuit and the value of 
the bulk modulus. The small volume of hydraulic 
components divided into a large bulk modulus value 
makes a very small parameter multiplied with the largest 
order of differential equations, and consequently makes 
the equation numerically singular. On the other hand, to 
shed more light on the effects of the hydraulic oil’s bulk 
modulus accuracy on the stiffness of hydraulic systems, 
this study employs a thermodynamics-based model for 
the bulk modulus taking into account both the air 
compression and the dissolution processes. The oil bulk 
modulus relation relies on the fact that the air can be 
either dissolved into the hydraulic oil or entrained as 
bubbles. Whereas the amount of entrained air 
significantly changes the value of the bulk modulus, the 
dissolved air does not have an important effect on it. As a 
result, considering the dissolution process occurring at 
the rate of θ, the proposed relation can be expressed as: 

 

ߚ =
ௗܸܲߜߛ݇

ଵ
௞ାଵ

௡ܥ ൭ߜௗ + ܲߛ
ଵ
௞ߠ
௟ߩ

+ ܲߠߛ݇
ଵ
௞ାଵ

௟ߩ௡ܥ
ௗ൱ߜ

 
(19) 

 
where, k and γ stand for the process, Cn and δd 
correspond to the variations of density of air, and ρl is the 
oil density. In equation 19, γ and θ implicitly define the 
air volume fraction, (avf), in the hydraulic system 
formulas.  

The compressibility of the oil can change the time 
scale of the system. In other words, the non-compressible 
oil yields a very small time scale for the hydraulic 
components and consequently makes the system singular 
(singularity usually occurs in a system with very small 
time scales).  

The compressible oil can increase the time in which 
the system responds (time scale) and can conduct to 
larger integration time steps. In reality, the hydraulic oil 
to some extent contains entrained air.  

Therefore, the simulation of hydraulic circuits in 
which the oil compressibility is considered may increase 
the integration time step. The external force acting on the 
cylinder from the mechanical part causes the hydraulic 
oil to be compressed, and as a result, to have a higher 
bulk modulus value. In addition, the frequency at which 
the load is imposed can effectively change the behavior 
of the system. Moreover, the amount of entrained air in 
the oil has a significant influence on the compressibility 
of the oil and consequently on the simulation time. 

II.3. Procedure 

The analysis of the complexity of a mobile machine 
typically requires converting a sophisticated system to 
simpler components having proper interactions. These 
components, which work in different domains such as 
mechanics and hydraulics, can be coupled [37] using a 
co-simulation procedure for instances [1], [38], [39]. In 
the co-simulation approach, a divided system can be 
simulated using parallelization approaches such as 
openMP or MPI. Despite some disadvantages, such as 
being time-consuming in some applications [40], or 
increasing coupling errors [41], the co-simulation is an 
effective approach for collecting information from the 
subsystems to enhance the communications among them 
[42]. One of the recently developed tools facilitating 
model exchange and multi-physics co-simulations is the 
concept of the Functional Mock-up Interface (FMI). The 
FMI standard provides the users with the ability to 
combine their models within a package Functional 
Mock-up Unit (FMU). An FMU, in turn, refers to the 
interaction between the XML files and the C code [43], 
[44]. This model is under development by Modelica 
Association [45]. Another alternative to the FMI standard 
is High-Level Architecture (HLA) [46] for complex 
systems where several simulations should be combined.  

In this study, FMU packages for a hydraulic system 
are created. Each FMU package possesses different oil 
properties. These packages, in fact, control the hydraulic 
circuit response by manipulating the oil bulk modulus 
values. The variation in the bulk modulus values is 
obtained by manipulating the amount of entrained air in 
the oil. The hydraulic circuit is modeled using the C/C++ 
code written as an FMU and combined with the 
multibody formulation as an interface. A number of input 
files are provided to excite the model. 

III. Numerical Example 
The case under investigation is a jib crane, which is 

modeled using the multibody approach (Fig. 2). As stated 
earlier, the model is divided into two subsystems, 
mechanical and hydraulics, which interact with each 
other. The fourth order Runge-Kutta is used as a time 
integration procedure. In this study, the oil properties are 
manipulated to investigate the oil effects on the 
mechanical system. The mechanical parameters of the jib 
crane are shown in Table I, where mp, ml and mt are the 
masses for the pillar, the lift boom and the tilt boom, 
respectively. 

 

 
 

Fig. 2. A schematic of the jib crane model 
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TABLE I 
MECHANICAL PARAMETERS FOR THE JIB CRANE 

Parameter Unit Value 
lp m 1.52 
ll m 2.32 
lt m 2 
la m 1.3 
lb m 0.18 
lc m 0.48 
ld m 0.32 
le m 0.8 
lf m 0.37 
lg m 0.32 
lh m 0.3 
li m 0.15 
lj m 1.44 

mp kg 135 
ml kg 270 
mt kg 114 

 
Fig. 3 displays the hydraulic circuit schematic of the 

system under investigation. The circuit consists of two 
actuators controlled by valves connected to the pump and 
the tank. Table II shows the operating pressures and other 
hydraulic parameters. 

IV. Results and Discussion 
In this section the effects of the dissolved air on the 

multibody damping characteristics is examined. To this 
end, a hydraulic oil containing various amounts of 
entrained air is selected. By considering the amount of 
entrained air in the hydraulic oil, the bulk modulus value 
consequently changes/adapts. 

 

 
 

Fig. 3. The schematic of the hydraulic circuit for the case study 
 

TABLE II 
HYDRAULIC PARAMETERS FOR THE JIB CRANE 

Parameter (Unit) Description Value 
τv (s) Relaxation time 0.1 

Cpv (s) Valve flow rate coefficient 3.984×10-8 
Pp (Pa) Pump operation pressure 80×105 
PT (Pa) Tank operation pressure 1×105 
AA (m2) Cylinder area 1.963×10-3 
AB (m2) Piston area 0.314×10-3 

In this study, it is assumed that the oil characteristics 
remain the same for all scenarios, and the only parameter 
changing is the air volume fraction. To study the 
variation of the bulk modulus versus pressure change, 
based on the proposed relation, an arbitrary point is 
required on the P-β diagram for the oil. Therefore, three 
scenarios corresponding to three arbitrary points are 
selected and presented in Table III. The input files for the 
real-time software are provided with Matlab-Simulink.  

The input files generate the signal corresponding to 
the valve position. This signal can be a real number 
between 10 and -10 related to a fully open or fully closed 
valve. For the results, two different input scenarios 
signals are generated for this case study: the step signal 
and the sine signal (Figures 4(a) and 4(b), respectively).  

The input files are generated for the sine function at 
different frequencies. The integration time steps for both 
the real-time simulation software and Simulink have 
been set to 10-3 seconds. Figure 5 shows the frequency 
response (frequency (f) versus the amplitude (Amp)) of 
pressure signals for the air volume fraction of 1.9 and the 
input excitation frequency of 5 Hz. As this Figure shows, 
a peak occurs at the same frequency as the given input.  

The other peaks in the Figure are caused by multibody 
mechanisms and have been observed in all the 
simulations. 

 
TABLE Ш 

THREE EMPLOYED AIR VOLUME AND THEIR CORRESPONDING 
PRESSURES AND BULK MODULUS VALUES 

Air Volume  Fraction (avf) P (Pa) β (Pa) 
0.19 65.168×105 20905×105 
0.345 65.116×105 16352×105 
0.44 65.271×105 16959×105 

 

 
(a) 

 

 
(b) 

 
Figs. 4. Two input signals used in this 

case study; (a) step signal. b sine signal 
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Fig. 5. Frequency versus the pressure amplitude  
at air volume fraction 1.9 and frequency 5 Hz 

 
A number of parameters affect the dynamic response 

of the system, such as external forces, friction, hydraulic 
oil properties, system length, time characteristics, 
constraint and initial conditions. Among them, the 
damping of the system due to the manipulation of 
hydraulic oil properties is the factor that has been 
changed in the study. Even though the input external 
force is the reason for exciting all the system frequencies, 
the effect of the input itself can be seen at the same 
frequency as the input. However, this manipulation of 
hydraulic oil stiffness might also shift the frequency 
response even though the input force frequency remains 
fixed. Therefore, the first investigation is to measure the 
damping of two systems with different oil stiffnesses.  

Figure 6 plots the pressure response of the lift cylinder 
versus time. The input signal for this study is a step 
function (Figure 4(a)). Table IV depicts the values for 
D1, D2, and ஽భ

஽మ
. 

 

 
 

Fig. 6. Pressure response of the lift cylinder  
versus time excited by a step input 

 
TABLE IV 

THE RESULTS OF THE MODEL EXCITED BY A STEP INPUT 
--- avf=1.9 avf=3.45 avf=4.4 
 ଵ 20.98×105 21.13×105 21.01×105ܦ
 ଶ 9.54×105 9.80×105 8.94×105ܦ
ଵܦ
ଶܦ

 2.1992 2.1561 2.3501 

As a result, the pressure signal oscillates slightly 
before reaching its steady-state condition. In Fig. 6, the 
ratio of oscillation amplitudes ஽భ

஽మ
 corresponds to the 

damping of the system (the higher the ratio, the more the 
oscillations, the lesser the damping). Figure 6 reveals that 
the pressure response relies on the step function in all 
three scenarios, showing that all systems have the same 
damping features. As a result, the system's frequency 
response to the input signal does not shift due to the 
damping. Another conclusion is that the amount of air 
has no effect on the damping of the system. Figure 7 is 
prepared by feeding different sine functions with the 
same amplitude of 10 and different frequencies.  

Therefore, the x-axis of the figure stands for the 
frequencies fed as an input to the system. Thus, the y axis 
is the amplitude of the pressure signal (Amp) (output) at 
the same frequency (with a very small tolerance). The 
effects of the input are expected to appear without any 
shifting in the pressure frequency response, as the 
damping of all systems is the same. This figure shows 
that a smaller amount of air yields higher amplitudes for 
all inputs (frequencies), and vice versa. Furthermore, the 
moderate air volume fraction of 3.45 moves between two 
other scenarios with air volume fractions of 1.9 and 4.4.  

In addition, there is a local minimum at some 
frequencies, e.g., the frequency of 3 Hz, meaning that it 
is possible to set an input with lesser importance to the 
pressure response. It appears that after the frequency of 4 
Hz, the amplitude does not significantly depend on the 
input frequency and only oscillates around a constant 
value. However, the effects of air are more obvious in 
that region in comparison to the lower frequencies below 
2 Hz where the amplitudes rely on each other. 

 

 
 

Fig. 7. The responses of the system excited by sine inputs 

V. Conclusion 
The effect of the bulk modulus on a hydraulic driven 

multibody system was investigated by applying different 
amounts of oil entrained air. The effects of the bulk 
modulus on the damping characteristics of a multibody 
system were studied by utilizing FMUs. The FMUs were 
built using an XML model description and the C code for 
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the hydraulic part. The multibody simulation was 
performed on real-time simulation software. The inputs 
to the combined system were made using Matlab-
Simulink. This study aimed to demonstrate the effect of 
the bulk modulus on the damping behavior of multibody 
system dynamics employing a hydraulic circuit system.  

The target was accomplished by analyzing the system 
with different values of the bulk modulus. The variation 
of the bulk modulus was achieved by manipulating the 
air volume fraction in the fluid. The effects of the bulk 
modulus on the calculation time and damping 
characteristics of the system were investigated. The 
results indicated that the air volume fraction has no 
significant effects on shifting the frequency response of 
the system. However, the study demonstrated that the 
pressure amplitude declines by increasing the entrained 
air into the oil. In addition, for some input frequencies, 
the damping values are higher, meaning lesser stiffness 
in the system. In the continuation of this work, the effects 
of dissolved air on the energy loss of a real-time 
simulation model containing a more sophisticated 
hydraulic system, will be investigated. Afterwards, the 
ultimate goal is to find a balance between the 
comfortability of passengers with the energy loss that it 
requires. This methodology can be applied to other 
devices as well. 
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