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Condensed Bond Graph ModelingWillem Minten, Bart De Moor, and Joos VandewalleESAT - Katholieke Universiteit LeuvenKardinaal Mercierlaan 94, 3001 Leuven (Heverlee), BelgiumE-mail: fWillem.Minten,Bart.Demoor,Joos.Vandewalleg@esat.kuleuven.ac.beKeywords: bond graph methodology, physical systemsmodeling, structured modeling, model analysis.ABSTRACTThis paper presents an improved bond graph modelingmethod, called condensed bond graph modeling. This methodmakes full use of the bene�ts of bond graphs: their ability tostructure the knowledge of a system and to visualize graphi-cally all kinds of physical laws. Before this improved modelingmethod can be used, some lacks in the language de�nitionof bond graphs have to be eliminated. The resulting bondgraphs are perfectly downward compatible. The two majordi�erences with classical bond graphing is the exclusive use ofgeneralized pre-causal de�nitions and normal representationsof bond graph components. All this can be done withoutusing complicated or unnatural conventions.1. INTRODUCTION AND PROBLEM STATEMENTBond graphs focus the attention on power as primalconcept in the translation of a physical system to a math-ematical description [Minten et al. 1996/2]. In order to beuseful, the graphical components of a bond graph must bede�ned unambiguously, both syntactically and semantically.
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(b)Figure 1: a simple electrical circuit and three valid bond graphrepresentationsConsider the example of a simple passive electrical circuit, de-picted in Figure 1. The three quite common bond graph mod-els shown in Figure 1 (b) to (d), are valid representations ofthe electrical circuit. The bond graph on the top represents apower transfer from the capacitor to the conductor, the bondgraph on the lower left indicates a common e�ort, and thebond graph on the lower right indicates a common 
ow. How-ever, the �nal mathematical model should be the same sinceone deals with the same circuit. Hence di�erent governingequations should be used in the di�erent bond graphs. It ishard to choose the right equations having only the knowledgeo�ered by the bond graph. One has to look back at the cir-cuit. One even has to modify it in order to know exactly (1)which equations, (2) which parameters and (3) which bondgraph one should use. Finally one also needs to recall thecircuit to determine what the meaning of the used variablesare. This is a backtracking trace in the modeling process. Suchuncomfortable backtracking traces can be avoided if one hasa clear interpretation of what has been written in the bond

graph. To avoid backtracking, the mapping of, on the onehand the mathematics and, on the other hand the physics intothe bond graph must be unambiguous. In the example of Fig-ure 1, references of the power variables should be placed onthe circuit [Perelson 1975]. However, this does not eliminateall of the backtracking traces since, in other practical situa-tions there still remain some ambiguities.
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Figure 2: (a) a lever, represented as a two-port transformer(b) to (f). Three di�erent views on power transfer are shownin (b), (e) and (f). Two possible causal augmentations of the�rst one are shown in (c) and (d)Take for example the simple lever mechanism shown in Fig-ure 2 (a) and some of its bond graph representations (b) to(f). The question can be raised whether these bond graphsrepresent unambiguously the same physical model augmentedwith reference power variable directions? Again, the an-swer is no. None of the proposed bond graph models isable to represent the lever without raising questions aboutthe meaning of some parameters. These kind of ambigui-ties 
ood the bond graph literature, some of which are foundin e.g. [Rosenberg and Karnopp 1972, Karnopp et al. 1990,Cellier 1991, Ljung and Glad 1994]. Hence, in practice, evenwith the use of proper power variable references, equationsand parameters should be re-invented and the physical modelshould probably be altered again. Once again some ine�cientbacktracking traces will dis�gure the modeling process.Clearly, some de�ciencies in the bond graph language def-inition are not very well understood, or permit to re-sult in such ambiguous situations. It has been shownin [Minten et al. 1996/1] that, for scalar bond graphs(i.e. bond graphs which do not include multi-port componentsexcept for 2-port power continuous transducers and 0- and1-junctions), it is perfectly possible to maintain the compact-ness of the bond graph method and to avoid simultaneouslysyntactical and semantical ambiguities. In order to obtainthis, pre-causal de�nitions of bond graph parameters and nor-mal representations of bond graph symbols have to be used.The resulting bond graph is called condensed since it con-tains graphically more unambiguous information of the phys-ical model than the common bond graph. It is the aim of thispaper to present this kind of bond graph in the modeling pro-cess of physical dynamic systems. It will be shown that thismethod improves the e�ciency and robustness of the modelingprocess.



The paper is organized as follows: For sake of clarity Section 2presents the pre-causal de�nitions, the physical semantics ofthe power variables and the bond graph parameters, and thenormal representations of bond graph symbols. In Section 3the condensed bond graph modeling method is proposed. InSection 4 two simple, yet informative examples will illustratethe bene�ts of the method, and �nally in Section 5 someconclusions are drawn.2. PROPOSITIONSDue to space limitations the user is referred to the ap-propriate literature [Karnopp et al. 1990, Paynter 1992,Breedveld 1986, Thoma 1991, Minten et al. 1996/1,Minten et al. 1996/2] for supplementary background in-formation or generalizations of the propositions made. Aftereach de�nition or property some comments are given tobroaden the physical interpretation.
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AFigure 3: (a) a (power) bond representing power interactionbetween two elements A and B, (b) a signed or directed bond,(c) a point mass in a gravity �eld, (d) to (g) a free bodydiagram (dashed box) of the point mass illustrating the powertransferDe�nition 1 (Figure 3 (a)) The power transfer between twocomponents is visualized as a bond connecting the power portsof the corresponding components. This can be de�ned asP def= e � f (1)with e the e�ort and f the 
ow variable. Both are power bondvariables. Since such a bond re
ects the power transfer, itobeys power continuity, i.e. energy conservation in time andspace.Such a bond is extremely useful in high level modeling where,in general, no references are de�ned. Note that these powerbond variables are not equal to the power port variables,known as the across and through variables, since their de�-nition is di�erent.Property 1 (Figure 3 (b)) A directed or signed bond is rep-resented by a harpoon connected to one side of the bond. Ac-cording to Eqn. (1) such a signed bond is intimately connectedwith the power variables reference directions proposed in thephysical model.Initially, when creating a bond, the shown power variables ofthe bond can be seen as the reference variables in the physicalmodel. Hence, they de�ne a coordinate system of the powerspace of the physical model. Later on, e.g. during a simulation,these variables are interpreted as the coordinates in the powerspace. Their values can change sign indicating an oppositedirection with respect to the original reference direction.Property 2 The power continuity property of the bond au-tomatically imposes the continuity and compatibility laws ofphysics.

Since a bond connects components, the general connectionconditions, i.e. the continuity and compatibility laws, are validfor the bond variables. Continuity laws involve through vari-ables, compatibility laws involve across variables. Examplesof the continuity laws are Newton's third law (action-reactionlaw in mechanics) and the K.C.L. (Kircho� Current Law in cir-cuits). Examples of the compatibility laws are the geometricalconnection constraints (mechanics) and the K.V.L. (Kircho�Voltage Law in circuits). This makes it possible to build-in theconservation laws in the notation of the bond. A small exam-ple illustrating their important physical implications is givenin Figure 3 (c) to (e). In Figure 3 (b) A represents a gravitysource (earth) and B a point mass. The point mass experi-ences a positive valued reference e�ort +e at its power portand the gravity source experiences a negative valued referencee�ort �e at its power port. The signs + and � stem from theharpoon direction and are in agreement with the free body di-agrams of Figure 3 (d) and (e). Moreover, the power transferto the point mass is PE!M = +(e � f), the power transfer tothe gravity source is PM!E = �(e � f), with PM!E denot-ing the power transfer from the point mass to the earth, andPE!M denoting the power transfer from the earth to the pointmass. Here the signs also stem from the harpoon arrow andare also in agreement with the free body diagrams of Figure 3(d) and (e). Hence the interpretation of the directed bond isin accordance with the physics. Consequently, in translationalmechanics, one can interpret the reference e�orts as referenceexternal forces acting on the component, and this with a direc-tion governed by the harpoon direction. Hence, in mechanicsthe reference power arrow direction (harpoon) is also the di-rection of the reference e�ort variable. Remark that it shouldbe clear that Figure 3 (f) and (g) are not valid physical mod-els of the point mass represented as B in the bond graph ofFigure 3 (b).In electrical circuits, the same holds for the reference 
ow vari-able.De�nition 2 The 
ow variable is put on the side of the har-poon (harpoon rule).This arbitrary choice has been made to get rid of ambiguousinterpretations of the bond variables at a bond. Since for non-mechanical systems, the direction of the bond imposes boththe direction of the reference power and the reference 
ow(see Property 2), there is some physical meaning behind thischoice (at least for non-mechanical systems).Property 3 The power continuity property is valid for ev-ery power continuous component of the junction structure, i.e.TF , GY , 0- and 1-junctions.Consequently, a collection of junction structure components isalso power continuous.De�nition 3 The normal forms of bond graph componentsare the following:1. Storage components and passive dissipators have inwardsign conventions, i.e. the harpoons are directed to theirpower ports.2. Source components have in general outward sign conven-tions, i.e. the harpoons are in general not directed to theirpower ports.3. Two-port power continuous transducers have the throughsign convention, i.e. exactly one harpoon is directed to onepower port of the transducer.This has several consequences, all quite natural, what explainsthe name normal form. Three of them are:



1. Two-port power continuous transducers behave at oneside as inward, and at the other side as outward, visual-izing the power transfer from one to another domain. Inthat case the transducer parameter gain is unique. Forexample, for a transformer in normal form it can be de-duced from Property 2 that� e1 = m � e2f2 = m � f1 (2)revealing a unique gainm. Hence, this can be representedunambiguously in the bond graph.2. According to Eqn. (1), the reference power variables of in-ward signed components have the same direction and thereference power variables of outward signed componentshave opposite directions.3. The combination of Property 1 and De�nition 3 allowsin the modeling process the use of a simple reference di-rection in each part of the physical system separated bypower continuous transducers and/or sources; a 
ow ref-erence with respect to an inertial frame in the mechanicaldomain and an e�ort reference with respect to a datumnode in other domains.De�nition 4 A physical model that contains the necessaryreferences of the power variables is called an augmented phys-ical model.Such an augmented physical model is the key step in the de-velopment of a condensed bond graph.De�nition 5 The embedded constraint equations are theequations representing the laws of continuity and compatibilityof the junction structure of a physical model.

Q v
Fp

1:v

:

TF -F
-1/A

TF

:

1:Q
Q v

Fp -p -A

Q v
Fp

0:F-v

:

TF
1/A

(e)

(f)

(d)

A

v
Q p

F
TF

:?p

Q

F

v

(a) (b)

TF

:A

-Q
0:p

Q v
Fp

(c)

Figure 4: A hydraulic cylinder. The physical model (a) forcesthe TF to have the two power arrows directed towards the TF�eld, shown in (b). This non-normal form can be convertedinto a normal one by means of tearing, shown in (c) to (f)Take for example a hydraulic cylinder and its correspondingbond graph, shown in Figure 4 (a) and (b). The referencesof the power variables force the transformer to have the in-ward sign representation. Such a bond graph is not capable ofmaking a di�erence between the two power ports. Hence, thegain equations (Eqn. (2)) cannot be used since a unique mod-ulus fails to describe the transformer behavior. Therefore, the

embedded constraint equations o�er means for a proper as-signment of a bond graph to a physical model. This is basedon Property 3. The continuity law applied to the physicalmodel imposes A � p = F (3)(both e�orts are to be viewed as external e�orts acting on theTF, see Property 2), and the compatibility law imposes1�A �Q = v: (4)Therefore, in mechanical systems the continuity law can becalled the e�ort equilibrium equation and the compatibilitylaw can be called the 
ow continuity equation. These twoequations are called the embedded constraint equations of theIPM. The fact that di�erent gains are ruling the transformerbehavior results in the question mark in the bond graph.Property 4 Non-normal realizations of bond graph compo-nents can be made normal by tearing a 0- or 1-junction out ofthe component.Non-normal representations occur when the continuity andcompatibility laws of a connection are not explicitly presentat a bond. An example of a non-normal storage component isalready shown in Figure 1 (b). The capacitor encircled by adashed box has an outward sign convention. To obtain the in-ward sign convention, one of the reference power variables hasto be reversed internally. This can for example be achievedby introducing a 0-junction, as has been done in Figure 1 (c).At the physical power port every reference port variable re-mains the same (f2 = f , and e). Internally however, i.e. insidethe dashed box, the 
ow and �eld parameter will change sign.Consequently, the teared 0-junction shows the continuity andcompatibility law explicitly. This information was only implic-itly available in the single bond.Figure 2 (f) shows another example of a non-normal form. Theinward signed transformer is in agreement with the referencevariables shown in the physical model. In some situations itis perfectly possible to change the direction of one of the ref-erence power variables in the physical model. Simultaneously,the direction of the corresponding reference power arrow willchange in the bond graph. However, due to external con-straints, the references of the physical model can sometimesnot be changed. Figure 4 (c) to (f) shows how the tearingmechanism works for the hydraulic cylinder. Four possiblenormal representations are obtained. It is clear the the formswith the most natural modulus is preferable, i.e. Figure 4 (c)and (d). The embedded constraint equations, Eqns. (3) and(4), guide in this choice.De�nition 6 The component parameter (function) is con-strained by its normal representation and by the referencepower variables of the bonds which are connected to the powergates of the component, e.g.:1. For a linear dissipator we haveR def= ef ; (5)2. For a linear storage component we havestorage parameter def= extensive variableintensive variable (6)Depending on the type of storage component (e.g. kineticand magnetic resp. potential and electric), the gener-alized extensive variable (energetic or state variable) isp = R e � dt (momentum) or q = R f � dt (displace-ment). The corresponding generalized intensive variableis f (
ow) or e (e�ort).



3. For a linear transformer we havem def= e1e2 (7)and for a linear gyrator we haver def= e1f2 (8)The index 1 corresponds to the unique bond with the powerarrow directed towards a power port of the transducer.4. The de�nitions for dissipators, hold as well for thesources. The parameter symbol changes from R into s.5. A 1-junction has the common 
ow f as parameter, a 0-junction has the common e�ort e as parameter.These parameter symbols are written beside the componentsymbol, spaced by a colon.3. OUTLINE OF THE METHODIn this part, the bond graph should be interpreted asan intermediate model towards a �nal, more mathematicallytractable description of a physical system. Therefore, themore useful information about the physical system is explicitlyincluded in the graph, the less the modeler risks to meetbacktracking traces in the modeling process, and hence, themore the e�ciency is increased. It should be noted that forsimple physical models, the proposed model generation seemsoverkill. But again, even in this case the reader should consultthe literature to get convinced of the need for an unambiguousgraphical representation of a system to be modeled. Thisgeneric procedure excludes some modeling ambiguities ofthe systematic procedure proposed by [Breedveld 1986] bymeans of four improvements: (1) for scalar bond graphs theparameter ambiguities are excluded by the exclusive use ofnormal representations and proper de�nitions, (2) the use ofthe T-construct is modi�ed to have a better treatment of theideal components, (3) the procedure is generalized towardsthe unambiguous treatment of general nonlinear bond graphcomponents, and (4) the treatment of the sub-domain powerconnections is done in a more structured fashion. Theseimprovements are mainly based on a better exploitation ofthe bond properties (proposed in Section 2) in the modelingprocess. The procedure also avoids explicit tearing.1. Identi�cation of the physical sub-domains of theIPM (Ideal Physical Model):Identify all physical sub-domains and its ideal compo-nents. The inter-sub-domain boundaries involving powertransfer are the power continuous transducers. The othersub-domain boundaries involving power transfer are thesources. Note that within one sub-domain there also canoccur power continuous transducers.2. Augmentation of the IPM:Choose a proper reference in each sub-domain. It is agood habit to choose every sub-domain reference accord-ing to the 'normal' power 
ow in that sub-domain.1. For non-mechanical sub-domains: choose a sub-domain reference e�ort ('datum node' in electri-cal circuits), and locate the necessary e�ort di�er-ences throughout the sub-domains with respect tothe sub-domain reference e�ort. As a rule of thumb,choose as datum node a reference e�ort that is com-mon to the maximum number of components. Inmost cases (always in the linear case) this choiceresults in a bond graph with a compact junctionstructure.

2. For mechanical sub-domains: choose a sub-domainreference 
ow direction (an 'inertial frame'), andshow the necessary 
ows throughout the sub-domains with respect to the sub-domain reference
ow.3. Bond graph generation of the sub-domains:
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(a) (b)Figure 5: the T-construct for generating e�ort di�erences, (a)for inward signed and (b) for outward signed components1. For non-mechanical sub-domains:It is not necessary to know explicitly the componentreference power variables before the next two stepsare �nished.1. Except for the sub-domain reference e�ort, rep-resent all the existing e�orts of the IPM by 0-junctions. Maintain if possible the same topo-logical position.2. Create the necessary e�ort di�erences by meansof the T-construct shown in Figure 5. ChooseFigure 5 (a) for inward signed components, andFigure 5 (b) for outward signed components.This makes it possible to visualize explicitly thecontinuity law, which in turn makes it possibleto simplify considerably the bond graph in the�nal step 4.3. Connect the e�orts (i.e. 0-junctions) of thebonds of the normal components to the cor-responding e�orts obtained in the previousstep, and indicate the �eld parameter with useof the colon. For nonlinear non-odd compo-nents (hence including ideal sources, and con-sequently also including the power continuoustransducers) invoke eventually a sign reversalof the e�orts by means of interfacing the 0-junctions by a two-port 1-junction with oppo-site power arrow directions, showing for exam-ple explicitly the 
ow of the bond of the com-ponent to be attached.2. For mechanical sub-domains: dual, i.e. use 1-junctions instead of 0-junctions.4. Simplify the bond graph by deleting redundant junctionstructure constructs, i.e. 2-port 0- and 1-junctions with athrough sign reference.(5. Proceed with the appropriate augmentation of the bondgraph.)4. EXAMPLESThe bond graph modeling process shown below followsthe same steps as mentioned in the outline, Section 3.A. A Nonlinear Electrical Circuit ExampleThis example is inspired by [Chua et al. 1987] pp.63.In Figure 6 (a) the IPM and the nonlinear port characteristicsof the resistors are shown. Thereafter, in Figure 6 (b) thecondensed bond graph modeling procedure is applied to thisexample. Remark that the continuity law is explicitly used



in step 3.1.2. (common 
ow i), resulting in a bond graph towhich straightforward simpli�cations can be applied in step4. Notice e.g. that the port variable v1 of the resistor R1,denoted as bond variable v1 is not equal to the bond variablee12 = e1� e2 in step 3.1.3. Hence this connection is interfacedwith a 1-junction showing the port current i1 as common
ow.If the continuity laws aren't used explicitly, then a slightlydi�erent bond graph will be achieved, as shown in Figure 6(c). This kind of bond graph reveals more a port modelingmethodology (signal based, like system or linear graphmethods) than a bond modeling methodology (power based,like a bond graph). Because in a port modeling method thecontinuity and compatibility laws of the connections are notexplicitly available, and because bond graphs have just theability to represent them explicitly by the bond properties(Property 2), more junction components appear in this portbased bond graph.B. An Electro-Mechanical ExampleIn Figure 7 (a) the IPM of an electro-mechanical activesuspension is given, and in (b) the characteristics of an ideallinear motor are shown. Here Flm represents the equilibriummechanical force against the force originating from ilm, i.e.the electro-magnetical force of the linear motor. Hencethis force should be interpreted as an external force withmagnitude Flm = r � ilm. In Figure 7 (c) the major steps ofthe condensed bond graph modeling procedure are shown.The reference direction of the mechanical subdomain on theleft has been chosen such that there is a positive referencepower entry at the e�ort source F (t). Since as alwaysF (t) is to be interpreted as an external force acting on themechanical subdomain, the reference direction is directed inthe same sense. The reference power is further transmitteddownward resulting in a 
ow (di�erence) v12 = v1 � v2. Sincespring k1 and dissipator d are linear and hence odd theycan be attached directly to this 1-junction v12. The samemotivation holds for the other linear components, except fromthe subdomain boundaries represented as sources and powercontinuous transducers. Since no active source (active meansmodulated by a control signal) is present in the mechanicalsubdomain in the middle, the reference 
ow in that part ofthe system is chosen such that the normal representation ofthe lever (TF ) and the compatibility conditions are achieved.Hence normal power 
ow is chosen from left to right, andit follows that according to Eqn. (7), m = ba : Remains theconnection of the second mechanical subdomain in the middlewith the electrical subdomain on the right. In that domainalso an active voltage source u(t) pushes energy in the system,and the reference direction of the electrical domain is chosenaccordingly. Hence the gyrator will have a non-normal repre-sentation since the reference power directions at both sideswill enter the gyrator. To avoid explicit tearing, the gyratoris forced to have normal representation in the augmentedIPM. Here, the reference power transfer is chosen arbitraryfrom right to left, which implies in the augmented IPM of thegyrator an equal direction of the reference power variablesat the electrical side (elm and ilm inward) and an oppositedirection of the reference 
ow vlm with respect to Flm atthe mechanical side. Hence the compatibility of the overallconnection urges for an interface between the reference 
owsv4 and vlm by means of a two-port 0-junction with oppositepower arrows, showing for example the linear motor forceFlm.It is left for the reader to verify Property 2 for this example.
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Figure 6: condensed bond graph modeling: a nonlinear elec-trical example
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Figure 7: condensed bond graph modeling: an electro-mechanical example


