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In the 19th century, Lord Kelvin and James Clerk Maxwell baibiserved that a wide range
of phenomena give rise to similar forms of equations, findinglogies between heat flow and
electric force and between lines of force and fluid streagslinin the 1940s and 1950s, H.M.
(Hank) Paynter of MIT worked on interdisciplinary enginiegrprojects including hydroelectric
plants, analog and digital computing, nonlinear dynamnacsl, control [1]. Through this experi-
ence, he observed that similar forms of equations are genkeby dynamic systems in a wide
variety of domain (for example electrical, fluid, and medhal); in other words, such systems
areanalogous Paynter incorporated the notion of anergy portinto his methodology, and thus
bond graphs were invented. Since that time, his group ang others have developed the basic

concepts of bond-graph modeling into a mature methodology.

The bond-graph method is a graphical approach to modelimghioh component energy
ports are connected by bonds that specify the transfer afgreetween system components.
Power, the rate of energy transport between componentse igrtiversal currency of physical
systems. The focus on power makes it a simple matter to genenati-domain models while

ensuring compliance with the first law of thermodynamicsnely, conservation of energy.

The graphical nature of bond graphs separates the systaotuse from the equations,
making bond graphs ideal for visualizing the essential attaristics of a system. Indeed, by
creating bond graphs, designing and analyzing the strictia system — perhaps the most
important part of the modeling task — can often be undertalggng only a pencil and paper.
Modelers can thus focus on the relationships among comp®aed subsystems rather than the
implementation details of their particular modeling safte. Even before a computer is used,
bond graphs can provide an engineer with information abounsitained states, algebraic loops,

and the benefits and consequences of potential approximsaitd simplifications.

Many computer-based modeling tools are available for geimgy and processing bond

graphs, see the sidebar “Further Reading”. These toolsggnkave capabilities that extend far



beyond those of traditional block-diagram software, idahg generation of symbolic representa-
tions, model inversion, and parametric identification al agethe ability to produce simulations,
frequency responses, and other design aids. Bond-grapblsncah therefore be used by engi-
neers not only to perform straightforward numerical analisit also, more importantly, to gain

gualitative insight.

This article has two purposes. Firstly, we provide a tutarimoduction to bond graphs
using examples that are familiar to control engineers. Salgothe article is intended to motivate
readers to apply the bond-graph approach themselves arddanore widely on the topic. As
such, the article is neither a survey nor a systematic dpuatnt of the method; rather the article
focuses on linear systems while emphasizing that the boaolhgapproach is not constrained in

this way.

This article includes two case studies. The first case studgscribed in the sidebar “Case
Study 1: Laboratory Experiment”, while the second caseystsidescribed in the section “Case
Study 2: An Aircraft Fuel System”. The early sections of thitorial cover enough of the bond-
graph method to model the system in Case Study 1. The lateéoisemntroduce more advanced

topics required for Case Study 2.

Boxed text (like this) highlights material that is directipplicable to the sidebar “Case Study
1.

Analogies

Bond-graph modeling is based on three types of analogieslyasignalanalogiescom-

ponentanalogies, andonnectioranalogies.



Signal analogies

Table 1 shows four signal categories with examples from émgineering domains:

effort signals, with the generic symbelincluding electrical voltage and mechanical force.
flow signals, with the generic symbg| including electrical current and mechanical velocity.

integrated effort signals, with the generic symbp] including electrical lines of flux and me-

chanical (translational and angular) momentum.

integrated flow signals, with the generic symbg] including electrical charge and mechanical

displacement.

Some entries in the table are less familiar, but nevertegles/ide a guide for the system-
atic choice of signals for system modeling. Additional domsaincluding magnetic and thermal,
can also be incorporated in this scheme. A key insight isttteproduct of the effort and flow

signals in each domain is power, that is,

effort x flow = power| 1)

The system shown in Figure S1 of Case Study 1 is driven byrelatpower (voltagex current)

which is converted to rotational mechanical power (torguengular velocity) by a dc motor

For this reason, effort and flow signal pairs are deemed tab@ed by the singl@ower
bond of Figure 1(a). The direction of the half-arrow indicates fhositive direction of energy

transport; in Figure 1(a), energy transport from left tdticg regarded as positive.

It should be noted that the half arrow does not denote an impoutput in the same way
as an arrow on a block-diagram. Inputs and outputs are asbigy causal strokes, which are

introduced later in the section “Causality and Block-D&aygs”.
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Figure 1(b) shows thactive bondwhich carries either effort or flow. The active bond thus
corresponds to a block-diagram signal and can thereforasaan interface between a system

modeled as a bond graph and another system modeled as a lagcind.

Component analogies

Table 2 lists one-port bond-graph components with analsgxamples from four engi-

neering domains. For example, the generic
Se component, which can correspond to an ideal voltage sourae applied force, is aource
of effort;

Sf component, which can correspond to an ideal current sourea @pplied velocity, is a

sourceof flow,
De component, which can correspond to a voltmeter or a forcesseis adetectorof effort,
Df component, which can correspond to an ammeter or a tachgnsedeletectorof flow;

R component, which can correspond to an electrical resistanoechanical dampetissipates

energy;

C component, which can correspond to an electrical capamitarmechanical spring (or com-

pliance),storesenergy;

| component, which can correspond to an electrical induater mechanical masstoresen-

ergy,

SS components (not shown in table) model colocated sensaggmtpairs:Se-Df or Sf-De .

These components also represent energy ports of compoumbo@nts.



In the linear case the corresponding equations foRh€, andl components in terms of

the generic variables of Table 1 are, respectively,

R{e=rf, (2)
_ 4
cle=v 3)
=1 (4)
= (5)
p=e (6)

wherer, ¢, andm are constants describing the corresponding physicalrsydtethe electrical
domain, (2) corresponds to Ohm’s law and (3) to Coulomb’s lawthe mechanical domain, (3)

corresponds to Hooke’s law, while (5) corresponds to Neisteecond law.

Because the same type of component usually occurs more ti@nio a given system,
the colon *:” notation is used to distinguish between mudtipstances of each component type.
In particular, the symbol preceding the colon refers to thmpgonent type, while the symbol
following the colon labels the particular instance. Tiue, refers to & component labeled,
which is equivalent to placing the label adjacent to the symbol for a capacitor in an electrical

circuit diagram.

Figure S1 of Case Study 1 includes examples of both mecHgdeaper) and electrical (r¢

D
1

sistor)R components.

Connection analogies

Two components can be connected by a power bond thus givemg the same effort and
flow. Figure 2(a) shows two mechanical components, whileifei(b) shows two analogous
electrical components. Each of these physical systemseaagiesented by the bond graph of

Figure 2(c).



Because there are only two components, the electrical coems of Figure 2(b) share
both voltage and current. But, more generally, electricanections are either parallel (Figure
3(a)) or series (Figure 3(b)). The parallel connection sbi€ychhoff’s voltage law, whereas
the series connection obeys Kirchhoff’s current law. Thedsgraph approach use®gunction
to model a parallel electrical connection (Figure 3(c)) aridjunction (Figure 3(d)) to model
a series electrical connection. However, the serieslghi@halogy can be misleading in the
mechanical and other non-electrical domains; a more uséftraction is to view an electrical
parallel connection as @mmon-efforbr 0 connection and an electrical series connection as a
common-flovor 1 connection. The effort on each bond impinging dhjanction is equal, while
the flows on these bonds sum to zeroO function withm bonds in and: bonds out is therefore

described by the equation pair

6iln:_uzein:6(1)ut:_”:60ut (7)

m n

OV S =S g =, (8)
i=1 j=1

where the efforte, ... e and the flowsfi®, ..., fi* are carried on bonds pointing into the
junction, while the effortg{™, . .., 2" and the flows/{™, . .., f°** are carried on bonds pointing
out of the junction. Likewise, the efforts orilgunction sum to zero while the flows are all equal,

so a dual junction is described by the equation pair
= i pout — L fout (9)

! i el — Z St = 0. (10)
i=1 j=1

The symbol$) and1 are chosen to be neutral with respect to the physical domain.

The system shown in Figure S1 of Case Study 1 contains arrieddct junction carrying

armature current as well as several mechariigahctions carrying velocity.




SimpleR C | System

Figures 4(a)—4(c) show analogous systems drawn from thrggiqal domains. Since the
systems are analogous, they share the bond graph of Figl)re®(can be seen from figures 4(a)
and 4(c), the concepts of parallel and series connectiobeanisleading, whereas the concepts

of common effort and flow junctions provide a domain-neuamulation.

Power Conversion with Transformers and Gyrators

The effort and flow variables within each physical domain albl€ 1 have different units
and therefore cannot be directly connected. However, $oeeer is the universal currency of
physical systems, th@ower-convertingpoond-graph componentd= (a generidransformej and
GY (a generiaggyrator) of figures 5(c) and 5(d) provide a means for converting paavier thus
connecting different domains. THd&= component generalizes an electritansformer which
has the property that the ratio of voltages (efforts) at thie terminals is the inverse of the
ratio of current, which is consistent with the fact that povgeconserved in the sense that the
instantaneous power at the input port equals the instant@ngower at the output port at each
instant of time. Figure 5(a) shows a physical system thatdealized form, corresponds to
the TF component of Figure 5(c). Additional examples of physiaahponents with an ideal
TF representation include a piston for mechanical-to-hylirapower conversion and a rack-

and-pinion gear converting translational to rotationalkpo

The GY component is the same as thE component insofar as power is conserved; the
difference is that flow at one port depends on effort at themp#nd vice versa. Figure 5(b) shows
a physical system that, in idealized form, correspondsedsti component of Figure 5(d). The
name gyrator arises from the property of a gyroscope thatlangelocity (flow) is converted

into torque (effort).



In the linear case, thEF andGY components have the equations

ey = ney, (11)
TF {
fi=nfa, (12)
{ es = kfi, (13)
GY
er = kfs, (14)

wheren andk are nondimensional constants describing the correspgipdiiysical system. The

pairs (11)—(12) and (13)—(14) both describe energy-commsgromponents since, in both cases,

the input and output power is the same, thatig; = e f;.

The system shown in Figure S1 of Case Study 1 h&yYacomponent representing conver-
sion of electrical to mechanical power within a dc motor adl we aTF component (a gear

ratio) representing conversion of mechanical power withgearbox. In each case, losses are

accounted for using® components, which dissipate power.

Causality and Block-Diagrams

Although block diagrams are familiar to control engineéns,sidebar “Why Bond Graphs
Are Better than Block Diagrams” explains that block diagsamave an unfortunate drawback,
namely, they represemtssignment statementather thanequations In other words, a block
diagram cannot be drawn until the inputs and outputs of eachponent are specified. For
example, the upper right-hand part of Figure 6(a) shows ectrétal resistor corresponding to
the equatiorl/ = ri. Two possible block diagrams are shown below this componérgre one
has voltage (effort) output and corresponds to the assighstatement” := ri, while the other
has current (flow) output and corresponds to the assignmnegensent := %V. In contrast, the
bond-graph representation in the upper left-hand part gfiféi 6(a) isacausaland represents
an equation. The addition of@usal strokan each of the two lower bond graphs assigns the

input and output of eacR component. Thisausal assignmerig not part of the initial modeling



but is added later. This approach has the important advarteg bond-graph components are
reusable within different causal contexts, whereas bltiekram components are not. While the
bond-graph approach thus has one model for a resistor, dlo&-diagram approach haso. In
bond-graph terminology, the middR imposeseffort and has flownmposed on itwhereas the

lower R imposedlow and has efforimposed on it

Because th€ component of Figure 6(b) is dynamic, the distinction betwe two forms
of causality is more significant. In particular, the middiagiam corresponds totegral causal-
ity, while the lower corresponds terivativecausality. The former is preferred if we wish to
have a state-space system representation. | Tbenponent is similar to th€ component of

Figure 6(b) but withe and f reversed.
Figure 7(a) is the causally complete equivalent of Figuid,4Figure 7(b) is the corre-

sponding block diagram, and the following comments explagndetails:

e The C and| components are in preferradtegral causality; for theC component, this
relation implies effort out and flow in, whereas, for theomponent, this relation implies

flow out and effort in.
e TheR component has effort output since the corresponding floedased” by thé component.

e The 0 junction has exactly one bond imposing effort on it, wherthgsl junction has

exactly one bond imposing flow on it.

e TheO junction of Figure 7(a) corresponds to the first summatiacklbf Figure 7(b) and

the connection to the second summation block.

e Thel junction of Figure 7(a) corresponds to the second summatiek of Figure 7(b)

and the various connections involvirfg



Figure S1 of Case Study 1 has example®kafomponents in each type of causality. For|ex-
ample, the armature resistrr, imposes the armature current (flow), wherBas, andR:ry,

each impose torque (effort). Figure S1 also has examplestbfibtegral ({mg, C:cy,, and

I:my,) causality as well as derivativéin,,) causality.

Causal assignment

Abstracting the physical system as an acausal bond grapitdpsoa complete description
of the corresponding model. However, for the purposes dfaisathere are many ways of repre-
senting the system as a set of equations, and each suchergjatesn has its own particular uses.
For example, the control engineer typically uses a stadeespepresentation for system anal-
ysis and simulation, whereas the mechanical engineer nmedgrpa Lagrangian representation
and the mathematician may prefer a Hamiltonian representaEach of these representations
corresponds to a particular causality and thus each repeds® can be extracted by impos-
ing a particular pattern of causal strokes on the acausal goaph [2], a procedure known as

completing causalityThis article focuses on generating a state-space repiegieenof a system.

The assignment of causality to a bond graph can usually mgacshed automatically by
computer if the causality is specified at key points on th@lgrasually the external ports, and if
some general preference for integral or derivative catydéiljures 6(b) and 6(c)) is expressed by
the modeler. The best known method for automating causerament is the sequential causal
assignment procedure (SCAP) [3], which gives a state-spgstem representation. If, indeed,
the system has a state-space representation, the dettiks refsulting pattern of causal strokes,
although helpful in understanding the inner workings of ti@del, need not be viewed by the
modeler. However, if the model does not possess a state-spaesentation, then the pattern of
causal strokes clarifies the situation and helps the modetensider the model in terms of the

underlying physical system.
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For proper causal completion, which will result in a set gblecit assignment statements,
it is necessary that exactly one bond impose a flow on éganction. Similarly, exactly one
bond must impose an effort on eaBhjunction. The causality oTF and GY components is
also subject to constraints if self-consistent system rsoae to be generated. In particular,
causality is transmitted unaltered throublkh components, that is, one impinging bond imposes
effort (flow), while the other has effort (flow) imposed on i€ausality is reversed through a
GY component so that both impinging bonds impose effort (or)fland have flow (or effort)
imposed on them. Within these constraints, causality casbigned arbitrarily, although general

guidelines, or preferences, are usually expressed.

After specifying the causality at the external interfadess generally advisable for the
modeler to specify the preferred causality of the sys@andl components. As discussed in
Figure 6,C andl components may have either integral or derivative caysafbr simulation
or state-space representations, integral causality isllysoreferable since it leads to ordinary
differential equations (ODESs), which can be computed withrecourse to computationally in-

tensive differential algebraic equation (DAE) solvers.

Constraints due t6 and1 junctions orTF andGY components may make it impossible
to place all of the energy storage elements in integral diéys#én this case, dependent states

result in DAESs.

Insofar as modeling is the art of approximation, that isidieg which components, fea-
tures, and behaviors to omit, bond graphs can help engideerde which approximations are
useful before generating the equations. For example, appabte models with derivative causal-
ity can be converted to integral causality either by addiregater detail to the model, in the form
of additional states, or by combining states to simplify thedel. An example of this conver-
sion is the decision to model a shaft connecting two rotatiagses as either rigid or compliant.

The modeler may wish to consider whether the additionaladilfy of solving DAEs outweighs

11



potential disadvantages associated with an ODE reprdssntauch as numerical stiffness or

reduced transparency in the meaning of quantities repiedé&y system states.

Although either causal configuration can be meaningful foRa&component, the modeler
should be aware of the possibility of algebraic loops agdietween multipld&R components.
An algebraic loop occurs when the output of one componerggsired to determine the input
of another, and vice versa. The formation of an algebraip Basts on a bond graph if, between
R components with opposing causality, there exists a pathitichudes neither d junction
with flow imposed by an or Sf component nor @ junction with the effort imposed by @ or
Se component. In other words, to avoid the formation of an algeldoop, at least one system
input or storage element with integral causality must ing@8ow on &l junction or an effort on
a0 junction in each path betwed&hcomponents with opposing causality. A slight complication
is thatGY components effectively reverse the causality of the twesgsiems on either side of
them with respect to each other. THRomponents may have opposing causality even if the
causal stroke is at the same end of the bond attached to eaqgdonent due to a an odd number

of GY components appearing in the path between them.

One of the benefits of bond-graph modeling is that the presehalgebraic loops is ex-
plicitly visible to the modeler. Although algebraic loopsall to implicit equations, such loops

can be broken in various ways to allow the creation of an eitphodel, for example:

e adjacenR components can be combined to form equivalent components;

e additional dynamics can be modeled by introdudihgr | components between tRRecomponents;

e algebraic or numerical solvers can be introduced (using®ieomponent) to resolve the

causal conflict;

¢ the causality of adjacent components can be altered so thlatRocomponents can be

assigned the same causality.
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Despite the possibility of completely automating causalgsment, it is generally advis-
able for the modeler to be involved in the process since tlisataassignments made within
a model carry important information about the system andsthibility of the model for any
intended purpose. In particular, the information gleamethfcausal assignment gives the mod-
eler immediate feedback as to the consequences of incladidgleting a component from the

bond-graph model of the physical system without the nee@&ih@rate equations.

In Figure S1 of Case Study 1 the componkni,, has derivative causality. An ordinary dif-

ferential equation representation can be obtained by gddither detail, such as motor shaft

compliance, or by simplifying the model.

State-space Equations and Block-Diagrams

Bond graphs are an acausal system representation. By imgsagnausal stroke to each
bond, a causal representation can be generated. The gacmalplete model can be converted
into other causal representations such as state-spaciosguand block-diagrams. This section
demonstrates the principles of this conversion. Most bgraghh software supports this conver-

sion and provides an interface to standard control engimgéools such as Matlab and Octave

[4].

The causal strokes on a bond graph provide “signposts” tdegthie generation of state-
space equations and block-diagrams. Although softwargoediorm these transformations au-
tomatically, state-space equations can be generated loy Hdre following steps demonstrate

this procedure using Figure 7(a):

Identify the states. The system states are the integrated flpassociated witle components,
as well as integrated efforfsassociated withh components, in integral causality (Figure

6(b)). In this case the states age the integrated flow variable associated witle,, and
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p1, the integrated effort variable associated wWith; .

Write state derivatives in terms of states and inputs.By definition, dditl = f.. Follow-
ing the causal strokeg, = f; — fi. In this examplef, is an input and, following the

causal strokesf; = 5_11 wherep;, is a state. Thus, the first state equation is

P1
B 15
dt Jo my (15)

By definition, % = e,,. Following the causal strokes, we obtain = ej — e, —e;. In
this exampleg, = ‘C’—i ande; is an input. Using the properties of tRecomponent given
in Figure 6(a) ¢, = r1f1 = r1£-. Thus the second state equation is

dp: q1 P
e B e 16
dt o Tlml €1 ( )

Write outputs in terms of states and inputs. The outputsf; and e, can be written in

terms of the states g5 = % andeg = 3_1 Defining

. e )

(15) and (16) can be written in state-space form

le—f(t) = Az(t) + Bu(t), (18)
y(t) = Cux(t), (19)
where
0o —L 1 0 Lo
A= ™| B= ., C=1|“ . (20)
é - 0 —1 0 m%

In a similar fashion the block-diagram of Figure 7(b) can leeiveed from the causally

complete bond graph of Figure 7(a).

Both the bond graph and simplified bond graph of Figure S1 aeC3tudy 1 correspond [to
state-space equations with three states since three cemisdmave integral causality in each

case. The state-space equations can be derived by hand sinigysymbolic software.
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Simplification and Approximation

In the same way that two resistors in series can be combineaisingle resistor, or two
rigidly connected masses can be combined into a single rhassl-graph components can be
combined to give a simplified bond graph with the same extdr@lavior as the original bond
graph. Such simplification can be useful in understandiegohavior of a complex system in

terms of its simplified version.

Figure 8 shows twd components separated byCacomponent, a bond graph that can
represent two rotating masses separated by a compliant slmafer steady state conditions, the
masses rotate at the same speed, and there is no changenrstlod the shaft. This synchronous
rotation is manifested as zero flow through the bond taGremponent. Even under transient
conditions, the flow is generally small. It may therefore basonable to approximate the flow
to zero, an approximation that can be accomplished explizyt replacingC with a flow source
Sf adding zero flow to the junction. Having made this approxiorgthe bond graph can be sim-
plified by eliminating thesSf component entirely because bonds adding zero flowOtguaction

have no effect on the system.

Using some simple rules, further simplifications can edsélynade. A junction connecting
only two bonds is redundant since it merely constrains tfeetednd flow in each bond to be the
same. An identical effect can be achieved by replacing botidb and the junction with a single
bond, thereby eliminating th@ junction. Simplifying further, two junctions of the samepgy
which are connected by a single bond, can be replaced by ke gimgtion of the same type. The
result is a greatly simplified bond graph with tivoomponents connected to a singlginction.

Finally, the approximate system can be simplified as in fig@@) and 9(b).

In more complex examples, analysis of the causality of thgral model and the sim-
plified version yields information that can be used to deteemwhether the approximation is

effective. The original model has three energy storagestat which integral causality can be
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simultaneously assigned. The model therefore produceisod teee ODES. The approximated
model has only two states and is therefore in some senseesinkfbwever, following the rules
of causal assignment, described previously, it is not péssd simultaneously place both of the
| components in integral causality. One state must be placeerivative causality (Figure 6(b)),
which (without simplification) results in a set of DAEs. Whet the replacement of three ODEs
with two DAESs is a useful approximation or not depends on thgpse of the model; never-
theless, a benefit of bond-graph causality is that the caresexgs of such an approximation are

explicit to the modeler.

Case Study 1 uses simplification to reduce the number of lgospoh components and remave

the componenitm,, in derivative causality.

Advantages of bond graphs over block diagrams

Case Study 1 provides evidence for the assertions in thbaide/hy Bond Graphs Are
Better Than Block Diagrams”. The evidence is presentedwbdloparticular, Figure 10 is more

complex than the bond graph of Figure S1 of Case Study 1 .

The acausal, equation-based nature of a bond graph is apframa the way that compo-
nents can be treated identically regardless of the caysalgosed on them. The resistanegs
andr,, of Figure S1 of Case Study 1 are implemented identically énbnd-graph model of the
motor with only the later addition of a causal stroke, spgeg the inputs and outputs required
to generate assignment statements from the acausal atgidBip contrast, the same resistances
r, andr,, depicted in block-diagram form in Figure 10b are implemdrddferently, with the

reciprocal of the resistance multiplying the input sigmabne case, but not the other.

A more striking example can be seen in the handling of the matrtia. Whether the

inertia must be modeled with an integrator or differentiatibanges according to its causality,

16



as can be seen by comparing figures 10b and 10c, where a clmatigeibput and output of
the component model causes the inertia causality to changlee first configuration, an output
torque is generated in response to motor speed for a givéggeyland the inertia is represented
by a differentiator. In the second configuration, the madogtie is an input, and the shaft speed
an output, but the differentiator must then be changed taneegiator. It is also necessary to
reverse the direction of some arrows and to change the sigreafignal connecting the motor
torquer,, to the motor mass, which is not necessary in the bond grapaubecthe positive
direction of energy transport is automatically handled oy $ign convention specified by the

bond directions.

The disadvantages of requiring two block-diagrams to ssgreone component depending
on its inputs and outputs extend beyond the need to creatmaimdain twice as many models.
There is also the problem of unit testing. While it is a simpigtter to verify the dynamic behav-
ior of the block diagram with integral causality in Figureclifly specifying constant inputs, this
simplicity is not true of the version with a differentiator Figure 10c. Applying a constant shaft
speed does not reveal any of the dynamic characteristidseofbtor. The need for different
forms of verification means that it is necessary to write sgpaests for every particular instan-
tiation of a model in block-diagram form, whereas it suffite$est a single configuration of a

bond graph with confidence that the same model can be usedlieggmof the external causality.

Maintenance of bond-graph models is also made easier bgpt¢héaation of components.
It can be seen that the block-diagram representation oféaebgx requires that the gear ratio
n be specified in two places in Figure 10d, whereas the cornepg TF:n component need
only be inserted once for the bond-graph representatigqu(€iS1). Multiple specification of
parameters is usually only a minor inconvenience wheraiiytcreating models, but can easily
lead to the introduction of hard-to-detect bugs when moadedsipdated to accommodate future

changes.
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The block-diagram of Figure 10a, corresponding to the baagiyof Figure S1 of Case Stugy

1 is complicated, bearing little relation to the system togg. A comparison with the bond

graph reveals many of the benefits that bond graphs providaddeling the system.

Advanced topics

The bond-graph method has been developed in several wagsitsnnception, and many
of these developments have been initiated at the bienniatnational Conference on Bond
Graph Modeling. From these extensions, we discuss sewwglstthat we believe to be of
importance to control engineers. Sources of informatiartiese topics can be found in the

sidebar “Further Reading”.

Physical-model-based Control

As discussed in [5, 6] physical-model-based control regjggddback controllers as phys-
ical systems. This approach has the advantage that bothicphyrgtuition and energy-based
stability analysis can be used to design stable control@ng example of physical-model-based
control is the impedance control methodology of [7], whistapplied in the robotics field, and,

more recently, in the design of structural dynamics expenits [8].

Perhaps the simplest version of physical-model-basedaldstthe realization that a PID
controller is analogous to a mass-spring-damper systencamdherefore (as in Case Study 1)
be treated as a physical system attached to the controllgsigath system. Using bond-graph
representations, Figure 11 shows the physical systemespmnding to two versions of PID

control. In particular, ifk, = k, k; = Tﬁ andk,; = kT, then Figure 11(a) corresponds to the
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PID controller

u:k<1+ +Tds) (w—1y).

T;s
It is well known that such a control, although a conveniersitzation, is not practical due to the
pure derivative action, which is reflected in the fact thatitbomponent in Figure 11(a) must be
assigned derivative causality. Figure 11(b) shows the lgoaph corresponding to a PID control
with filtered derivative. Note that thecomponent now has integral causality. In particular if

k; = =L, the controller equation becomes
d

u==k (1 + Tts +Td1 —i—STfs) (w —y).

A crucial feature of this approach is that the system inpad output; must be colocated,
that is, the bond at the lower right of each controller of FFgglil can be directly connected to
a port of the controlled system. If this is not the case, amhdy are associated with different
system ports, one approach is to revert to conventionataesystem design based on the state-
space approach or the block-diagram approach. In othersytind bond-graph methodology
is used just for system modeling, and the bond graph is ctewv@nto state-space or transfer
function form to be analyzed using conventional softwamsguch as Matlab or Octave. As an
alternative, current research investigates physicalehbdsed control in the noncolocated case

8, 9].

Inversion and Bicausality

The systems of Figure 4 have the acausal bond graph of Figdye\hen natural causal-

ity is imposed as in Figure 7, the system inputnd outputy are

a= 1 =] 1)

€1 f1
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The corresponding system transfer function is

mis+ry 1
G — cim1s?+ciris+1  cimis?4ciris+1 ‘ (22)

1 —c18
cim1s?+ciris+1  cimis?4ciris+1

This system has two poles corresponding to the compoi&nisandl:m; in integral causality.

For some applications, such as actuator sizing [10, 113,of interest to compute inputs
in terms of outputs, which leads to system inversion. Beeafsheir acausal nature, (such as
Figure 4(d)), bond-graph models are amenable to invergioRigure 12(a) the causality at the

left-hand port is reversed to change the choice of systent spd output from (21) to

€0 Cy= Jo _ (23)
€1 f1

The transfer function arising from this choice is

S
|

cimys?4ciris+1 —1
G — mi1s+ry mistry | (24)
1 -1
mis+ry mis+ry

Not surprisingly, this transfer function is improper; tlaefit has only one pole follows from the

fact that only the componehim, is in integral causality.

Another choice of inputs and outputs is

u = . y= : (25)
fl fo

However, the concept of bond-graph causality must be egtémuthis case. Remember that
each bond carries two co-variables, namely effort and flohe placement of a single causal
stroke at one end of the bond, as in Figure 6, indicates whichponent sets the effort and
which sets the flow. This configuration isi-causal By contrast, éi-causalmodel contains
bonds in which one component sets both the effort and the flowigure 12(b), bicausality is

signified on a bond graph by separating the causal strokévimtdalf strokes [12, 13].
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The model corresponding to the bond graph of 4(d) can now\sted by changing the
causality of the bonds to that depicted in Figure 12(c). Esaiiting improper transfer function
is

G = (26)

1 mis+ 1
C1S Clm182 +ciris + 1
The transfer function has no poles because bt andl:m; are now in derivative causality

(Figure 6(b)).

It is worth emphasizing the qualitative aspects of inverdg this method. Model inver-
sion is accomplished by changing the causality at the madetfaces. Changes in causality
propagate through the model automatically and thus requirehange to the model itself. Al-
though transfer functions are given for completeness, timeler of poles and zeros is deduced
by counting the number of components in integral causalithé bond graphs of the system and

inverse system, respectively.

Hierarchical systems

Simple bond graphs can be constructed entirely from thelatdrbasic components listed
in Table 2. These models can be used in further bond graphe&tecmodels of greater com-
plexity, namely, hierarchical bond-graph models. Hienaral bond-graphs offer many of the

benefits that are frequently associated with object-oegprogramming techniques.

When working with bond graphs, it is natural to construct eledy performing a top-
down decomposition of the system of interest. By encapsglddw-level functionality within
self-contained component models, clutter can be minimezaesing visual inspection, thus help-
ing the modeler focus on an appropriate level of abstractia@ach stage of the model develop-
ment. Such decomposition can also greatly ease the protessfging that the structure of the

model accurately mimics the structure of the system thatiiitended to represent. Subsystem
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encapsulation makes it easy to maintain libraries of coraptsand swap entire classes of com-
ponents within a model. Therefore, it is appropriate in tadyestages of model construction

to use very simple subsystem models. As model developmegtgsses, components can be
refined, and subsystems of greater complexity can be catstiutested, and inserted into the

higher-level model.

Hierarchical models are implemented using external paripganents, which are equiva-
lent to combined source-sensors. These external port®arected to other subsystem models
using standard component bonds, with causality assignihe isame way as for any other bond.
It is therefore possible for the causality of the bonds atetkiernal interfaces to change. This
property is particularly useful for embedding bond-grapideis within system-of-systems mod-
els, where the subsystem models adapt their causal cortf@utathe context in which they find
themselves. This feature of external ports without fixedsedity is a significant advantage of

bond graphs over block-diagram-based modeling methods.

Hybrid systems

Many useful engineering systems incorporate switches,ish@omponents that funda-
mentally change the global nature of the system by makingealing local connections. The
effects of switches on the global system are generally margjet than the local physical effects
of the switching action itself, and thus it is often usefutépresent switches as an instantaneous

change in a system variable.

When the switch establishes a connection within a systeyncaumsal configuration can be
meaningful across the switch. However, when it is used takbeaeconnection, there is generally
a definite causal configuration associated with it. Openmelectrical contact or closing a fluid
valve can be represented on a bond graph by imposing zero fidived. junction representing

the wire or pipe in which the switch or valve is placed. Simylathe imposition of zero effort
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on a0 junction models the effect of breaking a mechanical link.

In certain circumstances, it is desirable to ensure thatritlesion of a switch does not
change the global causality of a model. For example, it srofiesired that all andl components
be assigned integral causality so that no algebraic equsatieed to be solved. Inertial switches
(ISW) or capacitive switchesQSW), which combine an ideal switching element with laor
C component, can be used to ensure that there is no changesalibadue to the action of the

switch.

Figure 13 gives an example of usingZ®&W component in a mechanical context. When
the ball is above ground, tHeSW is “open” and no force is exerted on the ball; when the ball is

below ground, th&€SW acts as an ordinary spring, thus creating a bounce.

Distributed-parameter Systems

Although the bond-graph approach does not explicitly hamitributed-parameter sys-
tems described by partial differential equations, thestesys can be approximated using
discrete lumps. For example, the flexible beam of Figure)Safproximated in S1(c) by a sin-
gle lump, can be better approximated usmdumped elements each of the form of Figure 14(a).
Using the Bernoulli-Euler approximation, each lump haditved-graph representation of Figure

14(b).

Figure 14(c) shows the frequency response relating angleagular velocity at the fixed
end of the beam for differerY. The final choice ofV depends on the bandwidth over which the

approximation is required.
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Case Study 2: An Aircraft Fuel System

The second case study is an aircraft fuel system modeled bsind graphs. The design

presented is a hybrid of three aircratft.

The model that we develop is suitable for preliminary fugdtem architectural design,
typically performed during the conceptual design phasasarrealistic fuel system substitute for
integration testing during later design phases. More @stangly perhaps for control engineers,
the model is eminently suitable for use in specifying, depelg, and verifying complex system

control software, which is the most expensive part of mosi@no aircraft development.

For architectural design work, the main requirements aaé tthe model should be easy
to modify, easy to analyze, and give reasonably accuratdtseer minimal effort if the design

changes frequently and questions about system perfornmansebe answered quickly.

For integration testing and control software developnmaotiels must typically be capable
of running in real time, while exhibiting the main featurdgite system behavior and dynami-
cally exciting all relevant interfaces through which thedabis connected to other systems. In
these cases, models are often used by people not closeliassowith the system hardware
itself and so must be reliable and not require specializesvkedge of the system in order for

the model to be operated successfully.

Model design

TheFuel model (figure 15(b)) is a hierarchical bond-graph represgra simple aircraft
fuel-management system. The system comprises nine fued,taf which there are six types,
namely, one instance each of therwardTank, CentreTank, andFeedTank fuel tanks, and

thelnnerWingTank (figure 16(a)),OuterWingTank and AftTank types which are each in-
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stantiated twice due to the lateral symmetry of the aircfadt simplicity, the system is athermal,
and the pipework is assumed to be co-planar and perpendioulze external gravitational field.
The connections between the tanks form two major subsystRefsiel(green) and-eed(red)

the respective purposes of which are to load fuel into theralir and transfer it from the stor-
age tanks to the feed tank, which supplies the jet enginesé@ hebsystems can also be used to

transfer fuel around the aircraft according to the demanmdsedflight control system.

Fuel enters the system through the ground refueling p&iatyel:Ground) attached to
the center fuselage tankéntreTank:F2) and leaves the system through the single jet engine

(Engine:jet). The engine is supplied with fuel from the feed tafleéd Tank:F3).

Each of the six tank types containd/alume (Figure 16(b)), which contains stored fuel
and inert gas, andlalve andPump components (figures 16(c) and 16(d)), which allow fuel to

enter or leave the tank.

The valves contain resistive losses representing the alfiees and the pipes to which
they are connected. The frictional losses in the pipes apteimented with a simple resistive
component R:pipe). Losses associated with the valve orifice are implemensatyua flow-
modulated resistoifMR:orifice), the resistance of which is modulated according to theevalv
position, which is controlled by an electronic actuatorertral switches are used to allow or

disallow the flow of fuel through the valves.

TheValve andPump components contain controllers that regulate the flow of flike
control logic is implemented as a simple text file, which at#és these components according
to the quantity of fuel in the tanks (the system states). Timple aim of the control logic as
implemented is to keep the feed tank as full as possible dtnadls so that the engine does
not run dry. The results of a simulation using this model dredontrol logic can be seen in
Figure 17 which shows the volume levels of fuel in the tankBiakis consumed by the engine.

A real fuel-management system would have additional reguénts, such as apportioning the
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remaining fuel between the other tanks to control the ceoitegravity of the fuel to within
appropriate longitudinal and lateral limits for the flighbde to enhance agility, or maintain

stability while optimizing range.

Benefits of modeling the system as a bond graph

Implementing the fuel system model as a bond graph provieesral benefits over tra-
ditional signal flow models that would typically be produagsing tools such as Simulink or
EASY5. Perhaps the most important benefit is the adaptalilgenaf the interfaces. After de-
velopment and testing, component and subsystem modelda@aapable of being embedded in

diverse environments and able to adapt to a range of conditio

Consider the refuel system. Design of pipe geometry regirat pressure drops remain
within certain limits when maximum flow is forced through fhipes, so the model must be able
to accept a flow of fuel as an input at the refueling end, angibes must determine the sys-
tem pressure loss. However, to verify that the resultinggiesmieets performance requirements
relating to maximum permissible refuel time, it is necegsainstead perform simulations with
an appropriate fuel pressure applied at the input and fuglrfibes calculated through the pipes
and valves. Signal flow models would require separate mpdetls a consequent doubling of

the amount of testing required.

The need for additional models would also mean that more neglets are used throughout
the design process, with a risk of new errors being introdudieis generally preferable to use

existing tried-and-tested models wherever possible.

Adaptable interfaces are also beneficial when integratstesn models to produce a vir-
tual integrated aircraft model. If all of the systems aredoiced as bond graphs, all of the

interfaces are guaranteed to transact power, which grsitlglifies the task of stitching mod-
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els together. The task is further simplified by the fact that¢ausality of the interfaces can be
changed without producing new models. Thus, an electricdusp, which accepts a constant
voltage input during fuel system simulations, can easilyatlapted to output a voltage when

connected to a current-producing electrical distributioodel.

The compact nature of bond graphs also makes them ideal poesenting fluid flow,
which is just a particular form of energy transport. Unlikgral flow diagrams, it is not neces-
sary to take any particular care with the sign conventiorfltws at each port of a component
model. Since the bond-graph sign convention is simply $igelcby the direction of bonds im-
pinging on a component, there is no difficulty with removirmgrgponents and embedding them

in other parts of the system model.

It should be noted that producing bond-graph system moaels dot require that control
engineers give up traditional design tools. Several baagiy software packages can convert
bond graphs to formats that can be embedded directly withatid¥d and Simulink - as m files,
mex files, and S functions — and within other software packageheir native formats. Using
appropriate tools for each stage of work generally yieldgbeesults than attempting to use the

most readily available tool for all aspects of system design

We recommend creating models with specialist modelingstadahning simulations within
appropriate simulation harnesses, and performing codasign with appropriate design tools.
Pencil and paper can of course be substituted for softwaireyagtage of the development process

except real-time simulation.

Conclusions

This article has presented an introduction to bond graphsdotrol engineers. Although the

notation can initially appear daunting, the bond graph etk firmly grounded in the familiar
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concepts of energy and power. The essential element to bpagtas that bonds represent power
transactions between components. Engineers can quickbnieadept at applying the technique

with just a little practice.

The use of generic components and variables makes it a simgtiier to model multi-
domain systems, allowing engineers to analyze complexigmband interactions that might

normally be hidden by more traditional approaches to subgyslivision and analysis.

The graphical nature of bond graphs enables modelers tly &destify potentially trou-
blesome areas of their system representations and to gyuektrmine the form of remedy that
can make the model more appropriate for the task in hand. Etlead is particularly beneficial
in identifying where supposedly simplifying assumptionsl approximations might be counter-

productive.

Simple rules govern the transformation of bond graphs ithermsystem representations,
and readily available software exists to perform conveis@automatically. Systems modeled as

bond graphs can thus be easily integrated with familiarrobengineering toolsets.

The bond-graph approach is not unique in focusing on energyradetermining causality
after modeling. Alternative approaches with these charatics are discussed in the sidebar
“Related Paradigms”. However the bond-graph approachiguerin combining these features

with an intuitively appealing graphical modeling and cdilganalysis formulation.

We believe that the bond-graph method is a useful modeliolg particularly well suited
for describing physical systems, and can provide a powe&rayl for engineers to analyze and

solve the problems that they face.
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Figure 1: Types of bond. (a) A power bond. Téféort andflow signal pair of Table 1 are carried
by a single power bond. The half arrow indicates the directibpositive power transport. The
signals at opposite ends are equal, thatjisy e; and f, = f;. Note that effortx flow = e; f; =
esfo = power. (b) An active bond that carries either effort or flonheTactive bond, which
corresponds to a block-diagram signal, can act as an ineeldatween a system modeled as a
bond graph and another system modeled as a block diagram.
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Figure 2: Connecting two components. (a) A mechanical maagsd spring with compliance
are connected together; the mass and spring share the skoigM@ow) v, = v; and the same
action and reaction (effort)} = F». (b) An electrical inductor with inductanee and capacitor
with capacitance are connected together; the components share the sametdtlow) i, = i,
and voltage (effort); = V4. (¢) The bond graphm andC:c components are connected together
using the power bond of Figure 1(a); these components sHiow &, = f; and efforte; = es.
The colon notatioh:m andC:r associates the labai with thel component and the labelwith
theC component. The color coding is used to help interpretattosnot part of the bond-graph
method.
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Figure 3: Connecting three components. (a) A parallel cotimre. This connection obeys Kirch-
hoff’s voltage law; the voltage (effort) is common. (b) A igsrconnection. This connection
obeys Kirchhoff’s current law; the current (flow) is commar) Bond-graph generalization of
diagram (a). In & , or common-effortjunction, the efforts are equal and the flows sum to zero,
thatis,e; = es = e3, f1 — fo — f3 = 0. (d) Bond-graph generalization of diagram (b). It a

or common-flowjunction, the flows are equal and the efforts sum to zerd,ishd; = f> = f3,

e — ey —e3 = 0.
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Figure 4: Analogous second-order systems. (a) Mechanys&dis:i comprising a trolley labeled
mq, a spring labeled;, and a damper labeled. (b) Analogous electrical system comprising
an electrical inductor labeled,, a capacitor labeled,, and a resistor labeled. (c) Analogous
hydraulic system, comprising a tank with an outlet pipe tres both resistive and inertial char-
acteristics, corresponding to a flow-dependent pressogeaird the fluid momentum. (d) Bond
graph representing the mechanical, electrical and hyidraystems. Each system has two energy
ports, one at the left and one at the right, each correspgridithe domain-specific effort/flow
pair of Table 1. Analogous components are the same colohltleeitalic text indicating the
signals in each case. Componé&ht; models extension of the spring, accumulation of charge
in the capacitor or storage of fluid in the tank. It would tyglig be parametrized by the spring
stiffnessk in the mechanical domain, by capacitar¢en the electrical domain, and by tank
cross-sectional ared and fluid density in the hydraulic domain. Componehin; models the
momentum of the trolley, the lines of the flux in the inductotlte momentum of fluid in the
pipe. It would typically be parametrized by the trolley masselectrical inductancé,, or by
the pipe lengthi and density of the fluid within it. ComponenR:r; models the friction of the
damper, the resistance of the resistor or the friction withe pipe. It is typically parametrized
by a damping coefficient, by an electrical resistande, or by a hydraulic loss coefficierdt,
and orifice cross-sectional area
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Figure 5: Transformers and gyrators. (a) A simple gearbatafional mechanical power is con-
verted between two shafts with gear ratio- 1; the device corresponds to ttransformer(TF)
bond graph of (c). (b) a dc motor with power conversion betwelectrical terminals and the
mechanical shaft, corresponding to theator (GY) bond graph of (d). (c) Th&F component
provides power conversion such that= ne, and f; = nf,. (d) TheGY component provides
power conversion such that = kf; ande; = kf;, wherek is the back EMF constant of the
motor.
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Figure 6
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Figure 6: Component causality. (R). The topmost bond iacausaland represents asqua-
tion, for which the corresponding electrical component is shoWire middle bond has a causal
stroke (perpendicular end-bar) indicating thas the output, while the lower bond has a causal
stroke indicating thay is the output. Because of the causal stroke, these two bepdssent
assignment statememtather than equations. The corresponding block diagramtghése as-
signment statements are shown. (®) This component is similar to the component except
that the equation is differential, not algebraic. The méddiagram showgtegral causality
while the lower diagram showderivative causality (c) | . This component is similar to the
C component but witle and f reversed. The middle diagram shows derivative causalitylew
the lower diagram shows integral causality.
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Figure 7: System causality. (a) Causal bond-graph withaldaygompleted on each component.
As indicated by the causal strokes, tBec; component has its preferred causality of flow in
and effort out, thé:m; component has its preferred causality of effort in and flowy winereas
theR:r; component has, in this system, a causality of effort out a» ith. Annotations such
asq, are for clarity and are not part of the bond-graph notatidx).Block-diagram. The input
and output of each component corresponds to the causat¢ strathe bond-graph components of
(a); theC andl components are imtegral caugglity since they lead to block-diagram integrators.
From Table 1, the associated states are the integrated;fland integrated effont;. The block
diagram and bond graph share the same color coding to iedizatcorresponding elements.
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Figure 8: Approximation of bond graphs. (a) Three energyesfe states. This bond graph might
represent two rotating masdasi; andl:m, connected by a flexible shaftc. (b) If the shaft has
very low compliance, the shaft can be explicitly modeledigisl by replacing theC component
with a zero-flowSf. (c) Since the addition of zero flow todgjunction does not affect the system
dynamics, the bond graph can be simplified by removingheomponent entirely.
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Figure 9: Simplification of bond graphs. (a) Connect@hdR pairs. This bond graph might
represent two rigidly connected masses, each of which isexiad to a damper. (b) Simplified
version of diagram (a). The parameters of eeahdR component can combine as=r, +
andm, = m; + msy to create a simpler model with equivalent properties. T(€)connected

| andR pairs. This bond graph might represent an electromecHhagtaator in which electrical
power is provided to a first-order electrical circuit, witiductancen; and resistance;, after
which the power is transformed into mechanical power andieghpo a mass-damper with pa-
rametersn, andr,. (d) Simplified version of diagram (c). The system paransetan combine
to form equivalent parameters = r; + n%r, andm. = m; + n’>m». The interpretation of the
input changes ta. = ku in accordance with the elimination of the gain, but the ottpmains
the same. (e) Subsystem wiBilY connection. This bond graph can represent a linear electric
pump with inductance. and resistance. (d) Simplified version of diagram (e). Eliminating the
GY:k component, the causality of the syste#2reverses with regpéte outpuSS:y, requiring
the 1 junction to be replaced by @junction, and thd:m component to be replaced with the
C:c. component. The parameters associated with the system c@mscalso change to accom-
modate the elimination of th€Y gain, givingc. = m/k* andr, = k?/r. Again, the output
remains the same, but the interpretation of the input chatmge, = k.
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Figure 10: Block-diagram representation of the systemriestt in Figure S1. (a) The top level
system block-diagram comprises three subsystems, nameigtor, a gearbox, and a flexible
beam. (b) The motor calculates the torque output in respmnaaiven input voltage and shaft
speed. Note that the resistandgsand R,,, (purple) are implemented differentlys,,, appears
as a multiplier, whereas threciprocal of R, multiplies its input. This difference corresponds to
the different causalities imposed on each of these resistdre motor gairk,, appears twice in
the model; if different numerical values were inadvertgagsigned to each instance, the model
would no longer obey physical laws. (c) An alternative mataydel shows how diagram (b)
would need to be modified to cause the model to output shaéidsperesponse to an applied
load, a change that might be required to permit unit testindp@ motor submodel. Note that,
as well as reversing some arrow directions, the integrigtecorresponding to the motor inertia
(red) must be replaced with a differentiatgrand the sign of the signal from the motor torque
to the summing junction must be reversed. (d) The gearbakld@gram includes the gearing,
gear inertia, and friction. Note that the gear ratigbrown) appears twice in the model; once
again, different values assigned to each block result inrpingsical system. (e) The flexible-
beam block diagram comprises the beam compliance, inertié Jinear friction model. Note
that the output torque is calculated by the beam compliagiez(), which cannot therefore be
easily removed.
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Figure 11: PID Control. (a) Pure PIR:k,, C:k;, andl:kq give the proportional, integral
and derivative terms, respectivelyky hasderivativecausality. (b) Filtered PIDR:k; and the
associated junction give a lowpass filtering effect on the derivativéaw;, I:kq now hasntegral

causality.

44



C.c l:m;
1

™~
€0 fc €m f1
€0 €0 €1

o AT oh
€y fl
R:rq
(a)
g =8 € = 6
f, = f1: fo= 1
& = e.Ll & =6
D —
f, = f; f, = f,
(b)
C:cy I:m;
60\|ch €m fl
€ (&) __I (&1
L ol 1
Jo & S T S 7~
€ fl
R:rq

(©)

Figure 12: Bicausality and Inversion. (a) Partial invensidhe RCI model of Figure 7 can be
partially inverted by changing the causality at the leftthaystem port. The outpify of the
model is the flow required to cause the effeyto track a desired signal given a disturbaace
(b) Bicausality. Using half strokes, each bond can have dfeun bicausal configurations. (c)
Inversion. The RCI model of Figure 7 can be inverted by chaggdine causality at the system
interfaces. These changes propagate through the modebasd@.c; andl:m; to be placed
in derivative causality. The output of the modfglis the flow required to cause the flofy to
track a desired signal given a disturbanagee, is the corresponding effort, ardf, is the power

required.
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Figure 13: Bouncing ball. (a) The bond graph superimposetherschematic diagram. The
CSW component models the ground, while tiNTF component integrates the flow (velocity)
to give height. (b) In this simulation, the ball is droppedrfr 10 m. The air resistance reduces
each rebound, while the ground compliance allows negatighih
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Figure 14: A uniform beam. a) An infinitesimal lump of widtlx. The vertical velocityv

is driven by the net forcé F', while the torquer is driven by the net angular velocity2. b)
Lumped bond graph. The interaction between angular andrlinetion is expressed by the
transformerTF:dz, the linear motion of the lump is expressed Ibym, and the angular twist
by C:dk. The termR:dr expresses structur%l?damping. c) Frequency respanégs)| for N
lumped elements, wher€ = 5, 20, 40.
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Figure 15: A simple aircraft fuel model. (a) Fuel tank layoi) Bond graph. The refuel system
is depicted in green; the feed system in red. The systemsitsridinine tanks of which there are
six types.
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Figure 16: Submodels. (a) Tank. Each tank submodel incltltegalve andPump compo-
nents, which are located within the tank, andadume, which contains the fuel and inert gas.
(b) Volume . This component represents the storage of the fuel and gasrtwhich is con-
tained within the tank. The fuel is stored irCacomponent with an incompressible constitutive
relationship. The gas is stored irCacomponent with a compressible constitutive relationship.
A TF represents the surface separating the two fluid domainsvValele. (d) Pump. These
components are the electromechanical actuators thatotah&r movement of the fluid within
the fuel system. Interfaces with the dc electrical systesrrariuded in the component models.
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Figure 17: Simulation of the hybrid fuel model. The volumeflafd in each tank changes as
fuel is consumed by the jet engine. A simple logic controliens to keep the feed tank (F3)
replenished from the transfer tanks, using the valves antpgu The steps at 0.9°nare due to
thresholds within the control logic that prevent valve t&atThe volume of fuel in the transfer
tanks never quite reaches zero because residual fuel alemgns due to tank geometry; this
behavior is modeled by low-level thresholds in the contgid¢. A more sophisticated controller
would attempt to also maintain the center of gravity withtaeptable limits.
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Bond Graph Translation| Rotation Electrical Hydraulic

Effort Force Torque \oltage Pressure

e F'N 7 N-m V'V P Pa

Flow Velocity Angular velocity Current Flow

f vm/s Qrad/s IA Q mils

Integrated effortf Momentum| Angular momentum) Lines of flux | Momentum per unit area
p= [edt pkg-m/s | hkg-nm/s AV-s p kg/m-s

Integrated flow || Position Angle Charge \Volume

q= [ fdt rm 6 rad qC vV m?

Table 1: Analogous signals. Systematic modeling, inclgdive bond-graph approach, uses the
concept of analogous signals to bring together differeysal domains. One such analogy
is the effort/flow analogy displayed here, where each rowtaos analogous signals and each

column corresponds to a domain. In each case, effdlew = power.
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Bond Graph| Translation Rotation Electrical Hydraulic
External
Se Applied force Applied torque Applied voltage| Applied pressure
De Force sensor | Torque sensor | Voltmeter Pressure sensor
F'N T N/m Vv P Pa
St Applied velocity | Applied rotation | Applied current| Applied flow
Df Speedometer | Tachometer Ammeter Flow meter
vm/s w rad/s i A Q m’/s
1 port
C Spring Torsional spring | Capacitor Accumulator
K N/m K N-m/rad CF K Pa/m
Mass Moment of inertia| Inductor Flow inertia
m kg J kg-n? LH I kg/m*
R Damper Rot. Damper Resistor Restrictor
d N-s/m d N-m-s/rad RQ K Pa-s/m

Table 2: Analogous components with one energy port. Theogoalk signals of Table 1 lead to
the analogous components of this table; the first columnsgive generic bond-graph compo-

nent, while the remaining columns give the domain-specifal@ues.
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Sidebar

Why Bond Graphs Are Better Than Block Diagrams

e Acausal:

— Equation-based
— Causality, that is component input and output, determafegt modeling

— Causality issues clear
e Energy conserving

— Bonds conveyower

— Automatically obeys laws of physics
e Compact

— Each bond conveysvo related signals

— Connections are localized

— Components are localized

— Topology is closer to the physical system

— Graphical depiction of sign convention
e Reusable subsystems

— Subsystem causality adapts in response to impinging stamsgs
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Sidebar

Case Study 1: A laboratory experiment

Figure S1(a) shows a laboratory experiment comprising abfleoeam driven by a dc
motor through a gearbox. As with any physical system, it isaughe engineer to decide which
effects to include and which to ignore. In this case, follogvihe experimental manual, the main

approximations are:

e the armature inductance of the dc motor is ignored,

e the beam is approximated by a rotational mass-spring syateogous to that of Figure

4(a), and

e the gearbox is assumed to be rigid and free of backlash.

Figure S1(b) shows the corresponding schematic. The &ftHpart shows the conven-
tional electrical model of the motor armature comprising #tmature resistange driven by
the applied voltagé” and the back EMR/,. SinceV is the system input, it is labeled by the
conventional symbol. The connection between the electrical and mechanicasssis given

by the usual dc motor equations

Tm = kmiaa

Vo = k.
Figure S1(c) gives the bond graph corresponding to thisrapyps

Using the simplification rules of Figure 9, Figure S1(c) candmmplified to give Fig-

ure S1(d), where th&Y , TF , and one of thé components have been removed. In terms of the
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original components, the components of the simplified systee

o
TO_ 2 )
n<rq
'm
Te =T+ ,
g ng
M
Me = Mg + —-,
n
n
Ug = 7—U
K

Although the simplified bond-graph retains the same inpipat dynamics as the original sys-
tem, it is easier to understand. For example, it is clearBheg acts as a “natural” derivative

controller as in Figure 11.

Figure S2 gives the frequency response relating the twautaip= €2, andy, = 7, to the
equivalent system input,. The frequency response, which is generated automaticafty the

bond graph and the numerical values of Table S1, is the feptiatthe control-design process.
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Figure S1: Case Study 1: a laboratory experiment. (a) Then€ardlexible beam experiment.
The dc motor drives the flexible beam through a gearbox, smsg@ge measures the beam de-
flection, and a potentiometer measures the motor angulatigros(b) System schematic dia-
gram. For simplicity, the system is approximated as in@idat this mixed electrical/mechanical
schematic diagram; in particular, the armature inductaségnored, and the beam is given a
lumped approximation. (c) The system bond graphr,, GY:k, I:'m,,, andR:r,, model the
motor; TF:n, I:'m,, andR:r, model the geaél%ox; an@:cy, I:my,, andR:r;, model the beam.
Sf:y andSe:y;, measure?, andr;,, respectively. (d) A simplified bond graph. The drive com-
ponents are combined into the four equivalent componetmis R:r., R:ro, andSe:ug.
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Figure S2: Frequency response for the Quanser experiméetndimerical values of Table S1
combined with the bond graph of Figure S1 yield the frequaesponse of = 2, andy, = 7,
measured in rad/s and N-m respectively, to the equivaletésyinput.,, measured in rad/s; the
resonant peak corresponds to the flexure natural frequdratyonit20 rad/s.
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Component Value Units

kmm, 0.00767 N-m/A

Ty 2.6 Q

Mo, 3.87e7 7 Kg-m?

Tm 0.0 N-m-s/rad
" 5

my 2.5200e~° | Kg-m?

Ty 0.0 N-m-s/rad
cy 2 rad/N-m
myp 0.0012368 | Kg-m?

Table S1: Numerical Values. These numerical values coorefipg to each bond-graph compo-

nent in Figure S1 are taken from the Quanser manual [14]
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Sidebar

Related Paradigms

Bond graphs are related to other modeling approaches. Twlwest of particular interest are
the behavioral approach and energy-based methods sucksagative systems and the Port-

controlled Hamiltonian approach.

The behavioral approach [15, 16] and the bond-graph apprpawide two of the many
ways of describing and understanding dynamical systemsligesissed in more detail in [17],

the two approaches are similar in that:

e the system description does not distinguish inputs andutsitout rather is viewed as
a constraint on a set of variables: the manifest variabldseimvioral terms and port

variables in bond-graph terms.
e systems are connected without assigning the input/outpudtare beforehand.

e state-variable descriptions are regarded as represmmgatd be derived from the basic
system representation only when decisions have been made \&hich variables are to

be regarded as inputs and outputs.
The two approaches are different in that:

¢ the bond-graph approachgsaphical whereas the behavioral approach is mathematical

¢ the bond-graph approach is explicitly based on energy qgis@nd uses the systematic

modeling approach whereby physical system variables assifled according to Table 1.
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¢ the behavioral approach handles distributed systemsiideddy partial differential equa-

tions. The bond-graph approach does not.

It is becoming recognized that energy-based methods aearglto control engineers, see
[18]. Bond graphs are inherently energy based and thuslatedeo other energy-based methods

including dissipative systems [19, 20, 21] and, as show@22), [port-Hamiltonian systems.
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Sidebar

Further Reading

e Books: A. Mukherjee, R. Karmakar and A.K. Samantaray[23{; Xarnopp, D.L. Mar-
golis and R.C. Rosenberg[3], P.J. Gawthrop and L.P.S. $dithP.C. Breedveld and
G. Dauphin-Tanguy[25], F.E. Cellier[26].

Conference proceedings: [27, 28, 29, 30, 31, 32, 33].

Journal special issues: [34, 35, 36].

Web sites:

— Bond Graph Compendiumvww.ece.arizona.edulcellier/bg.html

— Software reviewswww.bondgraphs.com/software.html

Software:

— Model Transformation Toolantt.sf.net
— CAMP-G: www.bondgraph.com

— 20-Sim:www.20sim.com

— Dymola: www.dynasim.se

— Symbols 2000www.symbols2000.com
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