Bond Graphs in System Modelling

R. Ibanescu

Abstract The paper focuses on the presentation of a graphical modeling method
named a bond graph method that is applicable to various dynamic systems such as
mechanical, electrical, hydraulic, thermal, chemical and magnetic or a combination
of these named hybrid systems or multidisciplinary systems. The method is based
on an analysis of the power flow in a system from the power sources to its working
elements. A brief presentation of the method illustrates its basic concepts and
intends to outline the ease and the benefits of using it and its huge potential for
multidisciplinary systems modelling, as well.

Keywords Bond graph - Mathematical model - Block diagram model - Hybrid
systems

1 Introduction

A frequently used procedure in systems design and analysis consists in constructing
a mathematical model. There are different methods to obtain such a model.
Unfortunately, there is no rule to choose a method or another technique, for this
reason, it is the engineer’s decision, according to her/his experience and abilities.
All these methods have in common that they lead directly and immediately to a
system of ordinary differential equations (ODE) or, worse, to a system of
algebraic-differential system of equations (DAE). Some methods, such as
Lagrange’s equations method, are a sort of ‘black box’ method, which gives little
insight into the physical phenomena that lies behind the functioning of a particular
system. It becomes more and more clear that the power exchanges between the parts
of a device play the most important role in system analysis and modeling. This
aspect urged scientists to find a new approach to system modeling, in order to
exploit power transfer. In the middle of the last century, Paynter completed a new
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modeling method, based on a power exchange, called a Bond Graph [1]. The
birthday of this method is considered to be April 24, 1959, as the author himself
declared. This new modeling method has developed very quickly, due to its great
advantages and it became a target of scientific work for many researchers [2—18].
What can be more attractive than a graphical method, suitable for various energetic
domains (mechanical, electrical, hydraulic, thermal etc. or a combination of them,
forming hybrid systems [18-23]), based on a thorough analysis of a power
exchange between system elements and providing directly a simulation scheme,
suitable for appropriate software, without writing any equations? These advantages
determined a quite important part of the scientific world to focus on the bond graph
method and to improve its capabilities. Nowadays, the bond graph methodology is
extended to many fields, such as nuclear reactors [24, 25], optimal control [26],
bioengineering [27-29], mechanisms and machines [30-33], environment engi-
neering [34], chemical industry [35], switching systems [36], uncertain models [37],
robotics [38], population interactions [39], renewable energy [40-45], genetic
programming [46], estimation and control [47], acoustics [48], magnetic systems
[49], identifiability [50], finite element [19], fault diagnosis [S1], statics of systems
[52, 53], theory of sonics [54] etc. On the other hand, a lot of dedicated software has
been created, in order to directly implement the bond graph model in computers.
The present work is organized as follows: Sect. 2—About Power and Energy
Variables; Sect. 3—The Bond Graph Elements; Sect. 4—Causality in Bond
Graphs; Sect. 5—Construction of the Bond Graph; Sect. 6—Exploitation of the
Bond Graph as a Meta Model; Sect. 7—An Illustrative Exemplary Use of the Bond
Graph Method for a Hydro-Mechanical System; Sect. 8—Conclusions.

2 About Power and Energy Variables

It is well known that every moving system has a power source. The idea is to
consider the power as a single physical quantity that causes the system to function
and then, to analyze the power as the result of the simultaneous presence of the two
physical quantities, whose product is power. Let’s consider, for example, a socket
as a power source. The power is given as the product of voltage and current. The
voltage is constant, but the current varies, depending on the necessary power. For
example, a bulb will need a smaller current than a heating device. This point of
view lets one consider the voltage as a cause physical quantity and the current as an
effect physical quantity. More than that, the socket can be considered as an ideal
source of power, as long as the maximum power it can provide is not exceeded. The
socket is more specifically named an ideal source of voltage, because the voltage is
the cause. Of course, there are also ideal sources of current. There are ideal sources
of power in any other usual energetic field and one of the physical quantities of
power will always be the cause, while the other one will represent the effect.

In the bond graph methodology, the two components of power (denoted P(z)) are
generally named effort (denoted e) and flow (denoted f), one being always the cause
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Table 1 The classical correspondence of effort and flow in the main energetic fields

Energetic field

Effort e

Flow f

Mechanical translation field

Force F [N]

Velocity v [m/s]

Mechanical rotation field

Torque M [Nm]

Angular velocity o [s7']

Electrical field

Voltage u [V]

Current i [A]

Hydraulic field

Pressure P [Pa]

Volume flow rate Q [m3/s]

Thermal field

Temperature T [K]

Entropy flow rate S [J/Ks]

Table 2 The classical correspondence of generalized momentum and generalized displacement in

the main energetic fields

Energetic field

Generalized momentum p

Generalized displacement g

Mechanical translation
field

Momentum p [Ns]

Linear displacement x [m]

Mechanical rotation field

Angular momentum L [Nms]

Angular displacement 0
[rad]

Electrical field

Magnetic flux @ [Wb]

Electrical charge g [C]

Hydraulic field

Pressure momentum pp

Volume V [m’]

[Ns/m?]
Thermal field -

Entropy S [J/K]

and the other being the effect (P(f) = f(t)e(?)). They are called power variables. The
correspondence of the effort and the flow in mechanical, electrical, hydraulic and
thermal fields, from the classical point of view, are shown in Table 1.

Another important physical quantity is the energy stored in some elements of a
system. The stored energy can be expressed by using two kinds of variables, named
energy variables. They are also the state variables in the bond graph methodology.
These variables are the generalized momentum (denoted by p) and the generalized
displacement (denoted by q).

The correspondence of the generalized momentum and the generalized dis-
placement in mechanical, electrical, hydraulic and thermal fields, from the classical
point of view, is shown in Table 2.

The following relations exist between the power variables and energy variables:

) = [ Fds+qtw) / )t + pli). 1)
0 0

For an easier and more intuitive use, the mass flow (m [kg/s]), the heat flow (Q

[J/s]) or the enthalpy flow (H [J/s]) may be used, instead of volume flow or entropy

flow. In this case, the bond graph model will be called a pseudo bond graph,

because the product e(z) - f(¢) is no longer a power. The pseudo bond graphs are
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mainly used in process engineering systems modeling. The systematic construction
and the use of a bond graph model remain applicable, but a pseudo bond graph
cannot be connected to a real bond graph model.

3 The Bond Graph Elements

Similar behavior, from an energy processing point of view, leads to some generic
elements. Each of them is governed by a generic constitutive law and represents a
group of real physical elements. For example, a generic element, called a capacitor,
has the following corresponding real elements: a linear spring in the mechanical
translation field, a torsion spring in the mechanical rotation field, a capacitor in the
electrical energy field, a storage tank in the hydraulic energy field and a heated
enclosure in the thermal energy field. No matter the system type, the bond graph
modeling method uses only nine generic elements for constructing its model.

3.1 Sources of Power

The elements providing power are named sources and are denoted by S. A source
imposes one of the power variables (the cause physical quantity) and the other will
result from the system necessities (the effect physical quantity). If the source
imposes the effort, then it is called an effort source, and is denoted by S,. If the
source imposes the flow, then it is called a flow source, and is denoted by S When
the cause of the physical quantity must be modified, according to the system
behavior via a feedback control, the source is called a modulated source and capital
M is added to the notation (MS, or MSy). Power consumption for doing a work can
be modeled by a source and, in these circumstances, the source is called a sink and
is considered a negative source. An intuitive example is a weight raised by a lifting
system.

3.2 Storage Elements

The elements that store energy in an inductive or inertial manner are denoted by
I and are called inductances or inertial elements. The generic constitutive equation
is p — kif = 0, where k; is the parameter of I element. The elements that store
energy in a capacitive manner are denoted by C and are called capacitors or
capacitive elements. The generic constitutive equation is kce — g = 0, where k¢ is
the parameter of C element. In Table 3, we present the I and C elements in the
principal energy fields.
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Table 3 I, C and R elements in the main energy fields

Energetic field

I element parameter
constitutive equation

C element parameter
constitutive equation

R element parameter
constitutive equation

Mechanical Body in translation Linear spring Linear damper
translation motion ke = 1/k,, k, [N/m]- kg = 7 [Ns/m]-viscous
field k; = m [kg]-mass spring stiffness friction coefficient
p—mv=0 F—k.x=0 F—-—yw=0
Mechanical Body in rotation Torsion spring Torsion damper

rotation field

motion
ki=J [kgmz]—moment

kc = 1/k,, k, [Nm]-
torsion spring stiffness

kg = 7, [Nms]-torsion
viscous friction coefficient

of inertia M-k w=0 M- y0=0
L-Jo=0
Electrical field | Coil Capacitor Resistance
k; = L [H]-inductance | k¢ = C, [C]-capacity kg = R,[Q]-electric
®-Li=0 Cu—qg=0 resistance
u—Ri=0
Hydraulic field | Fluid in laminar flow | Tank Pipe of constant area

k; = Ly [kg/m*]-fluid
inductance
pr—LQ=0

ke = Cr[m*s’/kg]-fluid
capacity
V-CP=0

kg = Ry [kg/s/m*]-fluid
resistance

Thermal field

Heated substance mass
kc = C, [J/kg]-thermal
capacity

0-C, T=0

Wall crossed by a heat
flux

kg = R, [K/W]-thermal
resistance
T—-RO=0

3.3 Dissipative Elements

There are elements that irreversibly transform energy into heat and dissipate heat in
the environment. These elements are called resistors, dissipators or resistive ele-
ments and are denoted by R. The generic constitutive equation is e — kgf = 0,
where ky is the parameter of the R element, whose elements in the principal energy
fields are presented in Table 3.

3.4 Transformers and Gyrators

There are two conserving power bond graph elements, which transform the power
components, according to the following equation:

einﬁ‘n = eouzfout . (2)

The first element is called a transformer and is denoted by TF. It has a trans-
formation ratio k7, which permits us to write two equations that connect efforts



8 R. Ibdnescu

with efforts and flows with flows, as shown in Fig. 9. Some examples are: the gear,
the pulley, the lever and the electrical transformer.

The second element is called a gyrator and is denoted by GY. It has a trans-
formation ratio kgy, which permits us to write two equations that connect efforts
with flows, as shown in Fig. 9.

3.5 Connection Elements

The constitutive elements of any system are connected to each other and the power
is transmitted between them. The connection between the bond graph elements is
made by two kinds of elements, named one junction, denoted by JI or simply 1 and
zero junction, denoted JO or simply 0. Both elements are of power conservative
type. On April 24, 1959, when Henry Painter invented them, he understood that the
bond graph methodology is “complete and constituted a formal discipline”.

The one junction (1) connects elements having the same flow variable and the
zero junction (0) connects elements having the same effort variable. The powers
getting in the junction have a plus sign and the powers getting out the junction have
a minus sign. The principles associated with these junctions may be regarded as
generalizations of the well-known Kirchhoff’s laws.

When 7 elements are connected at a one junction, the power conserving equation
has the form:

n n
Z%‘P;‘:Z“j%:(), we{-1,+1} j=1n (3)
j=1 j=1

Taking into account that the flows are equal, the one junction constitutive
relationships are:

H=fH=--=fand Zocjejzo, wef{-1,+1} j=1,n 4)
=

For a zero junction, Eq. 3 stands, but in this case, the efforts being equal, the
constitutive equations become:

elzezz---zenandz%ﬁ:Q o e{-1,+1} j=1,n (3)
=1

Two systems, composed of three elements, namely: an inertia element (the mass
m), an effort source (the force F;) and a capacitor element (the linear spring of
stiffness k,) are represented in Fig. 1. The power of force F; is positive and the
powers of the force of inertia F, and of the elastic force F3 are negative.
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Fig. 1 Example of three (a) (b)
elements connected to: a one

F)
junction b zero junction i Fs 4—| 4_\ |_' Fy Fs 4—] kF24—| |_’F1
O
ke \_>L> v I—> V3 I—’ V2L> Vi
V3 V2

In Fig. 1a, the three elements have the same velocity and they are connected to a
one junction. The constitutive equations are:

v1:v2:1/3andF1—F2—F3:0. (6)

In Fig. 1b, the elements are acted upon by the same force and they are connected
to a zero junction. The constitutive equations are:

F1:F2:F3andV17V27V3:0. (7)

4 Causality in Bond Graphs

The causality issue is essential in bond graph modeling and its elements are shown
below.

4.1 Bonds and Ports

The graphical symbol of the power exchange between the bond graph elements
must have the possibility to emphasize, on one hand, a simultaneous transmission
of the two components of the power and, on the other hand, the direction of the
power exchange. A half of an arrow, named a bond, is chosen to do this, as it is
shown in Fig. 2.

The power is provided by the generic bond graph element A and is received by
the generic bond graph element B. The flow is usually written on the half arrow
side.

Another important problem is to graphically emphasize which of the power
signals is cause (input) and which is effect (output) for the elements A and B. We
can have two situations for the bond presented in Fig. 2, as shown in Fig. 3.

Fig. 2 The graphical representation of the power transmission between two generic bond graph
elements A and B by a bond
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Fig. 3; The tw;) po;sill))le . (a) . (b)

causal aspects for the bon e
presented in Fig. 2 A ‘f—l B A —b'f B
Fig. 4 The two causal (a) (b)

augmented bond for the f f
situations presented in Fig. 3 A —e;l B A ITL B

In Fig. 3a, the element A has the flow as cause and the effort as effect. The
element B has the effort as cause and the flow as effect. In Fig. 3b, the situation is
reversed.

In order to graphically express these situations, a causal stroke perpendicular to
the bond is drawn at the end where the element having the effort as cause is located.
The causal bond for the situation depicted in Fig. 3a is represented in Fig. 4a, while
for the situation depicted in Fig. 3b, the causal bond is represented in Fig. 4b.
A bond provided with a causal stroke is called a causal augmented bond. There is
no connection between the direction of the half arrow and the position of the causal
stroke.

A point where a bond graph element exchanges power with another is named a
port. There are elements with one port (sources, dissipative elements, inertia ele-
ments and capacitive elements), elements with two ports (transformers and gyra-
tors) and multiport or n-port elements (junctions).

4.2 Causality Assignment

The causality assignment to the bonds is related to the types of the bond graph
elements which are connected and this assignment should respect some rules. The
parameter of the element is written near the symbol of the element and is separated
by a colon.

The sources have a unique possibility for causal assignment, as illustrated in
Fig. 5. The case of negative sources is also presented.

I and C elements can have two kinds of causality. When the input must be
integrated in order to obtain the output, the element has integral causality, as is
shown in Figs. 6a and 7b.

f f " f f
fi$e g™ fsi—— eSe /N  eS.t—]
f— imposed, e — results e —imposed, f— results

Fig. 5 Causality of the sources
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(a) (b)
( d
kil }‘L S = LJ.E(T)df+f(to) k,:I4L| e(?) =k1—f
e kjt e dt

Fig. 6 Causality of I elements: a integral causality b derivative causality

(a) f (b)
ec: C |t —— d t
‘ e  f)=kc d—f ke:C 4£—| e(t) = kL I f(z)dr +elty)
c i

Fig. 7 Causality of the C elements: a derivative causality b integral causality

(@) (b)
kR:R4£—| o) = ko f(0)  lnRImL f(z):kie(t).

e

Fig. 8 Causality of R elements: a resistance causality b conductance causality

When the input must be differentiated in order to obtain the output, the elements
I and C have derivative causality, as is shown in Figs. 6b and 7a. The half arrows
point always to I and C elements, because they accumulate energy. The integral
causality is always preferred to derivative causality.

R elements can have resistance causality if the input is the flow and conductance
causality if the input is the effort, as can be seen in Fig. 8a, b, respectively. The half
arrows point always to a R element.

Each of TF and GY elements can have two kinds of causality, as shown in
Fig. 9, where the constitutive equations are written on the right-hand side. The half
arrows must be oriented in the same direction, imposed by the power flow.

fi g Loy & = ke Lf g L ¢ =—e,
e e Si=ker /s e kg
1 . 2 1 e>
. 1
kTF kTF f2 = Eﬁ
=key fi X 1
f1 f € =key 1 fi f /= 0
l | 2 _L' |_~2 .
"e; GY ez~l e = kgy /> e; GY e, : kgy Ji ’
k k fr=———¢
e er key /i

Fig. 9 Causality of TF and GY elements
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fi=te J=kn j#k

1 n
e = —— 2 ae; a;,ap €{-1+1}
27
Jj=1
Jj#k

e.=e, j=Ln j#k

J

1 n
fk:__zajfj a, o € {=1,+1}.

ak J=1

Fig. 10 Causality of J1 and JO elements

The causality of J1 and JO elements is imposed by one bond, as shown in
Fig. 10. The half arrows are not represented, because they have no connection with
causality assignment.

5 Construction of the Bond Graph Model

There is a specific methodology for constructing the bond graph model of
mechanical systems and another one for non-mechanical systems.

5.1 Construction of Acausal Bond Graph Models
Jor Mechanical Systems

The construction of an acausal bond graph model for mechanical systems involves
the following steps:

1. Consider a J1 element for each well individualized absolute velocity in the
system, that is for each I element.

2. Add a JO element for each velocity resulting from an algebraic sum of two

velocities coming from two J1 elements that is, for each relative velocity.

Attach the S., S¢, I, C and R elements to the corresponding J1 and JO elements.

Introduce TF and GY elements between the corresponding J1 elements.

5. Assign the bonds with half arrows according to the flux of power between the
elements.

6. Simplify the bond graph, if it is needed, and then, put numbers on the bonds.

B w
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5.2 Construction of Acausal Bond Graph Models

Jor Non-mechanical Systems

The construction of an acausal bond graph model for non-mechanical systems
involves the following steps:

1.

2.

w

Consider a JO element for each point characterized by a well—individualized
potential, pressure or temperature.

Consider a J1 element for each S., S;, I, C and R element. J1 element is
introduced between two JO elements that represent the potential, the pressure or
the temperature, elements S., S¢, I, C and R are connected to.

Introduce TF and GY elements.

Assign the bonds with half arrows, according to the power flow direction
between the elements.

. Identify the elements JO, characterized by a reference (usually null) potential,

pressure or temperature, for example the mass of an electric circuit, the atmo-
spheric pressure or the reference temperature of the system (e.g. 0 °C, 20 °C or
0 K). Such a JO element is eliminated with all its adjacent bonds.

Simplify the bond graph, if it is needed, and then, put numbers on the bonds.

5.3 Construction of the Causal Bond Graph

The bond graph model is finished after the causal assignment of bonds. This
operation is fulfilled by following the next three steps:

Step 1

1.1. A source is chosen and is causally assigned, getting the imposed
causality of the element.

1.2. A unique causality assignment results for some adjacent bonds,
because of the specific rules for elements JO, J1, TF and GY. In this
way, the causality propagates at all the bonds that can get an
unambiguous causality.

1.3. Steps 1.1 and 1.2 are then applied to all sources.

Step 2

2.1. An I or C element is chosen and is causally assigned with integral
causality.

2.2. Analogue operations to those specified in 1.2 are applied.

2.3. Steps 2.1 and 2.2 are then applied to all I and C elements.
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Step 3

3.1. An unassigned R element is conveniently causally assigned.
3.2. Analogue operations to those specified in 1.2 are applied.
3.3. Steps 3.1 and 3.2 are then applied to all R elements.

In some cases, it is not possible to have integral causality for all I and C
elements, without violating the causality assignment rules for one or more J1, JO,
TF and GY elements. In these cases one or more energy storage elements will be in
derivative causality.

6 Exploitation of Bond Graph as a Meta-Model

The bond graph model gives rise to three ways for using it. The first way is to
deduce a differential or algebraic-differential system of equations, based on the
bond graph model. The second way is to obtain another graphical model, named a
block diagram model, which can be very easy implemented in appropriate software,
such as MATLAB SIMULINK. The third way is to draw the bond graph model, as
it was obtained, directly into dedicated software, such as 20sim or many others. The
last two ways do not require solving any equation.

6.1 Deriving State-Space Models

The mathematical model is a state-space model in energy variables, when the bond
graph model does not contain storage elements in derivative causality.

When the constitutive equations of the elements are linear, the next steps should
be followed:

1. Identify the variables e(¢) of the effort sources and f{¥) of the flow sources.
2. Identify the energy variables py and g¢ and the power variables f; and ec of I and
C elements.

. Write the equations pi(¢) = e1(¢) and §c(#) = fc () for each I and C element.

4. Make explicit each e|(f) and fc(#) by using the constitutive equations of R, JO, J1,
TF and GY elements. The state-space system of equations in terms of variables
p1 and gc is finally obtained, based on the constitutive equations of I and C
elements: fi = % pr and ec = klcqc. The variables of sources will occur, as well.

W

The number of equations equals the number of storage elements. The system can
be easily expressed in terms of power variables f; and ec.

The system of equations will contain algebraic equations if the bond graph
model contains storage elements in derivative causality, because the energy vari-
ables of the storage elements in derivative causality are not independent. The
mathematical model is a differential-algebraic system in this case.
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(a) ®) (©) (@)
e:Efz le ’ € fZ
fi f3 <f1_ L > ul i )
e 1| es :> €1 14:3: |:> €1 4—673_
e, +ey—e;=0 e, =e;—e h=h=7h
fi=fh=/

Fig. 11 Transformation of a J1 element from bond graph to block diagram model. a J1 element.
b Graph of signal processing. ¢ Summation. d Multiple output node

6.2 Deriving Block Diagram Models

The block diagram model is very easily obtained from the bond graph model, by
simply transforming the bonds into two signals. One signal is for the effort and one
signal is for the flow. The direction of the signals is given by the causality. The
signal associated to effort is directed toward the element located near the causal
stroke and the signal associated to flow is in the opposite direction. A graph called a
graph of signals processing is obtained after this operation. This graph is then
transformed into a block diagram model. Each JO and J1 element is split in a
multiple output node-summation pair. In the case of a J1 element, the summation is
assigned to the efforts and the multiple output node is assigned to the flows. In the
summation, all the efforts are inputs and only one effort is output. The output effort
corresponds to the bond that imposes the velocity on each J1 element. Each effort
gets a sign resulting from the equilibrium equation of the efforts. In the multiple
output node, all the flows are output, except one, which is input. The input flow
corresponds to the bond that imposes the velocity on J1 element. An example for
three bonds connected to a J1 is given in Fig. 11.

The element JO behaves similar to element J1, but the role of flow and effort are
reversed.

The elements I and C in integral causality become integrator blocks, while I and
C elements in derivative causality become derivative blocks. The elements R
become gain blocks. The TF element is replaced by two gain blocks connecting
effort to effort and flow to flow, respectively. The element GY is replaced by two
gain blocks connecting efforts to flows. The sources are replaced by source blocks.
A block diagram, processing only signals, finally results.

6.3 Software Environment for the Bond Graph Method

Dedicated software has been especially created for bond graph models. The bond
graph model is directly drawn on the computer and, after introducing the numerical
values of all required parameters, the simulation may run on its own. It is the most
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amazing modality of exploiting the bond graph model. The usual software is pre-
sented in [2].

7 An Illustrative Example—Use of Bond Graph Method
for a Hydro-Mechanical System

The bond graph modeling method is illustrated by an example consisting in a
hydro-mechanical system, depicted in Fig. 12. The hydraulic part is composed of
a constant pressure pump of magnitude P = 1,000,000 N/m?, which supplies oil to
a hydraulic cylinder, through a pipe. The piston radius is 7 = 0.06 m. The length of
the pipe is / = 1 m and the area is A = 0.002827 m?. The dynamic viscosity of the
hydraulic oil is g = 0.1 Ns/m” and the density is p = 900 kg/m>. The hydraulic
inertia of the oil in the pipe L, = pl/A = 318,309.88 kg/m* and the resistance of the
pipe R, = 128 pl/A = 314,380.13 kg/(sm®), for a presumed laminar flow.

The mechanical part consists in a spring located on the other part of the piston,
having stiffness k., = 50,000 N/m. The piston rod pushes an external weight of mass
m = 100 kg, including the mass of the piston and of its rod. The mass is subjected
to the action of a damper with the proportionality coefficient y = 4000 Ns/m. The
mass must overcome a constant force F = 1000 N, as well.

The bond graph of the hydraulic part of the system is depicted in Fig. 13. There
are three JO’s for three absolute pressures. The first JO is considered for the refer-
ence pressure py, that is the atmospheric pressure, the second JO is considered for
the pressure p; of the source and the third JO is considered for the pressure p, in the
hydraulic piston. There are three J1 elements between them. The source of pressure
is connected to the left one. The elements I and R, corresponding to the inertia of
the hydraulic oil in the pipe and to the resistance of the pipe to oil flow, are
connected to the middle one. A negative source of pressure (a sink), for the pressure
exerted by the fluid on the piston, is connected to the right one. The final bond
graph, obtained after removing the reference pressure together with its bonds, is
represented in the right-hand side of Fig. 13.

The bond graph of the system mechanical part is depicted in Fig. 14. The piston
is subjected to a force F,, due to oil pressure that has been modeled by an effort
source, and to an elastic force F,, exerted by the spring, which has been modeled by
a C element. The viscous friction force is modeled by an R element and the inertia

v
Pi e ! > k. Y —
pump QE AAL ] m —
Po y vV Vv
\ | [, DI S
Ly Ry Po

Fig. 12 The hydro-mechanical system
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Pig—~1—2 P2 R:Rn

N}/ 1

ps —=1 i, 1—Sepe =) piS—=1—nSp,

N l

Po |2Lh

Fig. 13 The acausal bond graph model of the hydraulic part

of the mass m by an I element. The force F that must be overtaken is modeled by a
negative source of effort. All these elements are connected to a J1 element corre-
sponding to the common velocity of the mass, of the rod and of the piston.

The two bond graphs are connected by a TF element, based on the constitutive
equations F}, = p.A and Q = vA, where A is the piston area, v is the piston velocity
and Q is the volume flow.

The final bond graph is depicted in Fig. 15. The causality is assigned beginning
with the two sources of effort. Then, the element I, corresponding to the mass m, is
assigned in integral causality and all the bonds will receive a causal stroke. The
notations for the elements and variables in connection with a bond will have as
subscripts quite the bond number, for example: Ig, e; or f;.

Fig. 14 The acausal bond C:1/k
graph model of the
mechanical part w

Fp:Se — =1 _—= Ry

I:'m

Se:F

Fig. 15 The bond graph R:Ry C:1/k
model of the whole system
i

2
pise—mf1 A mf T 2 m1| L Ry

3l N ﬂ_@\ SeF

I:Ly I:m
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Because the element I3 is in derivative causality, the mathematical model con-
sists of two differential equations and an algebraic one:

) R,A? )
Ps=—<1—+L>P8—P3A—ke%—PA—F (8)
m m
o = — )
de = mpx
L,A
p3 = Lps- (10)
m

This is not an unusual situation and it can be solved in two ways. The first one is
to differentiate Eq. 10 and to consider a three differential equations system whose
unknowns are: pg, ¢¢ and p;. The second one is to differentiate Eq. 10, to replace pj3
in Eq. 8 and to finally obtain a system of two differential equations. In both situ-
ations, the systems must be expressed in an explicit form in order to perform a
numerical simulation.

The bond graph shown in Fig. 15 generates the block diagram model pictured in
Fig. 16. This is the most useful feature of bond graph modeling method, because
any signal in the system can be seen and saved by simply attaching a scope. The
derivative block du/dt must be replaced by a transfer function block s/(as+ 1),

-C- |
Pressure p
1
I [
1/m Integrator Velocity
of the mass m
Derivative _K_}‘
Rf K gama
=
Lf > I:l
Piston L 1 < Displacement
area s of the mass m

| —K—}( Integrator1

Fig. 16 The system block diagram model obtained from the bond graph model
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@ 20-sim Editor on: pistonemx B - (o B i)
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= L c
RR
11
w TF
l ccC I
R Se 1 ATF A1k R
111
e MSe e * R
[E] constant [ \
s I Mse

Constant N
. P — t)
Interface Icon 4 ¥ | Output | Process | Find | ot
U Optimizing equation structure... Al
Generating simulation instructions...

e warning: Solved algebraic variables symbolically {I'p.e_in } |

The model has 0 errors and 1 warnings. N

Constant

= 4

Fig. 17 The bond graph model in 20sim

which approximates the operation of differentiation [55]. This procedure prevents
the occurrence of an error, for some sets of system parameter values. Possible errors
are produced by the derivative block during the numerical simulation. The value of
constant a, from the transfer function, must be estimated according to the frequency
domain associated with the regular system operation, that is:

>10- (max|4]), j=1,2,...,n (11)

Q|

where: 4; (j = 1, 2,..., n) are the eigenvalues of the system matrix. In this case, a
very good value for a is 0.02.

The construction of the bond graph model in dedicated software is also a good
option. In Fig. 17, the system bond graph created in 20sim is shown. This is an
object oriented modeling method.

The diagram pictured in Fig. 18 shows the displacement of mass m. A complete
analysis of system behavior, based on Egs. 8, 9 and 10 is performed in [56].
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Displacement of the mass m [m]
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Fig. 18 The displacement of the mass m: a for y = 4000 Ns/m b for y = 200 Ns/m

8

Conclusions

The bond graph modeling method is based only on a deep and thorough analysis of
the power flow in the system, from the source to the working elements. Any
physical phenomenon misinterpretations are revealed by the violation of bond
graph rules. So, the modeler has full control over the accurate interpretation of
physical phenomena developed during system functioning.

There are three possibilities to exploit the bond graph model:

. The first possibility consists in deducing a system of equations, usually a dif-

ferential algebraic one. It has to be transformed in a system of differential
equations after some algebraic manipulations. The system must be finally put in
explicit form, in order to be numerically solved. These mathematical operations
are encountered in any other modeling method.

. The second possibility consists in getting another graphical model, named a

block diagram. This model can be implemented in dedicated software, the most
common being Matlab-Simulink, with all the benefits of such a model. The most
important advantage consists in the possibility of visualizing any signal in the
system, by simply attaching a scope to the desired signal. There is no need to
solve any differential equation.

. The third possibility consists in drawing the bond graph directly in specialized

software, such as 20sim. The simulation can be performed after introducing the
required parameters. There is no need to solve any differential equation, as well.

It is generally very useful in practice to apply two different modeling methods in

case of very complex systems, in order to check the accuracy of results. The present
paper strongly recommends the bond graph method to be one of these two.

The above issues confirm the main advantages of the bond graph method in

system modelling.
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