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Introduction to Bond GraphsInvented by Henry Paynter at MIT, 1960.Motivation:� Energy based modelling (Lagrange)� Power continuous, ful�lls �rst law� Analogies, mechanics - electrics� Multidisciplinary, uni�ed approach formodelling of mixed systems� Non-causal, imposed by boundaries� Graphical method, bonds describingenergy interchange between systems
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Introduction to Bond GraphsPower Conjugate VariablesEnergy interchange is a two way information
ow. It is described by one e�ort and one 
owvariable.Power conjugate, their product is power.Example: An electrical connection is describedby the voltage between the terminals and thecurrent through them. The energy 
owingbetween the two systems isE = Z u � i dt
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Introduction to Bond GraphsPower Conjugate VariablesIn each engineering domain there is one pair ofpower conjugate variables.Some common examples are:Domain e, e�ort f, 
owElectric u, voltage i, currentMechanics F, force v, velocityRotation M, torque !, angular vel.Hydraulic p, pressure q, volume 
owThermal T, temperature _S, entropy 
ow1



Bond Graph ElementsBasic Elements� Sources/Sinks SeActive elements, that supplies/removese�ort or 
ow.� Resistance RPassive dissipative elements. Removesenergy and relates e�ort to 
ow.Constitutive relation:e(t) = h(f(t))f(t) = h�1(e(t))u(t) = R i(t)
Bond Graph ElementsEnergy Storing ElementsIn dynamical systems energy can be stored,there are two kinds of energy storage:� Capacitor/Compliance (
ow storage)

C e(t) = G(Z f(t)dt)u(t) = 1C Z i(t)dti(t) = C du=dt� Inductance/Inertia (e�ort storage)
I f(t) = G(Z e(t)dt)v(t) = 1m Z F (t)dtF (t) = mdv=dtBond Graph ElementsJunction elementsElements to build model junction structure.Requirements are:power continuous, symmetrical and ability tobe used as building blocks.There are two unique three-port junctions:� 0-junction Common e�ort, the 
ows sumto zero. Like a parallel connection in anelectrical network.� 1-junction Common 
ow, the e�orts sumto zero. Like a closed series connection inan electrical network.Alternative notation: p- and s-junctionsMnemonic: 0 - p - e lower than 1 - s - f

Bond Graph ElementsJunction examplesCommon e�ort:
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Bond Graph ElementsEnergy TransducersRelaxing the symmetry requirement, twounique two-port junctions can be deriveddescribing energy 
owing from one physicaldomain into another.� A Transformer transforms e�ort in onedomain into e�ort in another, e. g., force� pressure in a hydraulic piston.F = pAq = v A TFF
v

p
q� A Gyrator relates e�ort in one domainwith 
ow in another, e. g., current �torque in an electrical motor.M = km iu = km ! GYu

i w
M

Bond Graph ElementsModulated ElementsSome elements can be modulated by anexternal variable or signal.� Sources MSemodulated by a signal generator or acontrol signal� Transducers MTFnonlinear transformations, modulated byfor example angle or positionExample: AC voltage source in small circuit.
MSe R

sin t

CausalityPurpose of Modelling is InsightCausality is a fundamental concept in mod-elling. It shows dependencies between ele-ments.Causality is� NOT a property of the bondgraph� imposed by Sources� easily analyzed by assignment procedure
CausalityElement causalityCausality is shown as a bar on the bond.
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fSee it as a nail, e�ort is imposed the 
at end,
ow at the point.Sources have mandatory causality. E�ort or
ow given.
Se

SfResistances are indi�erent to causality.3



CausalityIntegral causalityStorage elements are said to have desirablecausality if it is integrating.Numerical routines are designed to integrate,not di�erentiate.� E�ort causality for inertias
If ) f = 1I R e dt� Flow causality for capacitors
Ce ) e = 1C R f dt

CausalityCausal constraintsConstitutive equations of junctions andtransducers give constraints or propagationrules for causality.� Common e�ort,one e�ort can be imposed 0� Common 
ow,N-1 e�orts imposed 1� Transformer, same causality in and oute1 ! e2f2 ! f1 TF� Gyrator, switched causalitye1 ! f2e2 ! f1 GYCausalityAssigning procedure1. Assign mandatory causality to sources.2. Propagate causality through the junctionstructure, using the causal constraints onjunctions, transformers and gyrators.3. Assign desirable causality for one energystorage. Return to 2. and repeat until nomore storage elements.4. Remaining R-elements can be given anycausality. Choose one and propagate as in2. until all elements have causality.

CausalityExample: A simple electrical circuit.i uc
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Modeling ExampleIssues in ModelingThe main issues when you want to make amodel of a system are:� Competence Willems - MPUMIs the model adequate for our purpose?� Simplicity Occam's razorIs it the simplest model possible?How can you check this?� Causality analysisAre there any dependencies?� Thought experimentsDoes the model behave like the realsystem?
Modelling exampleBattery vacuum cleaner, electrical dynamics ofmotor neglected.

Analysis of modelsWhat information can you extract from a bondgraph model?� Causality analysis shows dependencies� Index problems and Algebraic loops� State equations are derived directly from acausal bond graph.� Signal 
ow diagrams and� Transfer functions can also be derivedfrom a bond graph using Mason's rule.(Relative degree and Zero dynamics)� Eigenvalue estimates, accurate to 10-20%� Controllability/Observability?(Chapter 6.7, [4])

Analysis of modelsCausality con
ictsSystems with con
icting/derivative causalityseem to indicate high DAE index.Example: Two connected tanks, no 
owresistance.
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p A�ga�gdV1dt = q � q2dV2dt = q2p1 = p2 =) V1A = V2a (*)Equation (*) must be di�erentiated once to�nd q2. This is an index 2 problem.5



Analysis of modelsAlgebraic loopsAlgebraic loops can be found by inspection ofsignal loops in the bondgraph. (Chap 6.5, [4])Signal loop Closed causal pathCausal path Follows bonds with same causalorientation, stops at storage or source
0 1Sf C
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Loop can be broken by inserting storageelements, cf. tearing.
Analysis of modelsDeriving system equations from a causalbondgraph.1. Choose power state variables, outputsfrom independent energy storages.2. Write the ODE for each state from theconstitutive relation.3. Follow the causality backwards to expressthe input in 2. as outputs from otherelements.Analysis of modelsSystem equations example (simple circuit):
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::i ucuLuR1 iR2ic1 : I : i; C : uc2 : didt = uL=L ducdt = ic=C3 : uL = V � uR1 � uc == V � R1i� ucic = i � iR2 = i� uc=R2) didt = 1L (V � R1i � uc)ducdt = 1C (i � ucR2 )
Analysis of modelsEigenvalue estimation, assumption: parts ofthe bondgraph are loosely coupled.Find subsystems that resemble resonancecircuits. (Chapter 6.4, [4])
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Advanced Bond GraphsMultiportsMost energy transduction is associated withenergy storage. This leads to general multi-ports, �elds. Examples:� Electrical transformer with 
ux energy, II� Ideal gas in closed container, C� Irreversible heat transfer, IR
RI

T1 T2_S1 _S2_Q = T1 _S1 = T2 _S2 _S1 = h(T1 � T2)=T1_Q = h(T1 � T2) _S2 = h(T1 � T2)=T2) _S2 � _S1 � 0This is a nonlinear R-�eld. To certify secondlaw, e�ort causality is mandatory.

Advanced Bond GraphsMultiportsExample: A bicycle pump with blocked outlet.
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Advanced Bond GraphsMulti-bonds and roboticsIn two- and three-dimensional mechanics youneed to have bonds with several e�orts/
ows,multibonds.Motivation for bond graph robotics:� 'Mechanics is hard for humans', SteveCrandle, MIT.� Lagrangian becomes very complex alge-braically, 6dof robot ! 60000 terms� Uncoupled dynamics are easy� Handle in simple coordinate frame{ Mechanics in uncoupled coord{ Actuators in generalized coord
Advanced Bond GraphsMulti-bonds and roboticsExample: (Ch 8.1 [4], Ch 23.2 [7])Extendable robot arm.
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Conclusions� Bond graphs can be used to describesimple linear & nonlinear systems.+ Displays causality & dependencies betweenparts of the system.+ Systematic method, using physicalanalogies+ Model subsystems independently+ Simpli�es nonlinear mechanics?{ Tricky to learn, best suited for electrome-chanics.{ Complex technical applications?{ Not well suited for applications with multi-layered descriptions, simultaneous balanceequations1. References[1] Henry Paynter. Analysis and Design ofEngineering Systems, MIT Press, 1961.[2] Dean Karnopp and Ronald Rosenberg,System Dynamics: A Uni�ed Approach,Wiley & sons, 1975.[3] P.E. Wellstead Introduction to PhysicalSystem Modelling, Academic Press, 1979.[4] Jean U. Thoma, Simulation by Bondgraphs,Springer-Verlag, 1990.[5] Francois Cellier, Continuous SystemModeling, Springer-Verlag, 1991.[6] L. Ljung and T. Glad, Modellbygge ochsimulering, Studentlitteratur, 1991.[7] N. Hogan and P. Breedveld, IntegratedModeling of Physical System Dynamics,Internal report, Univ. Twente, 1995.[8] Peter Gawthrop and Lorcan Smith,Metamodelling: Bond graphs and dynamicsystems, Prentice Hall, 1995. 8


