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Motivating discussion

1. Formal analogies accross domains: ca-
pacitor, tank, spring

2. Repetitive algebraic manipula-
tions when deriving equations
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Motivating discussion

3. Need for systematic approach 4. Possibility of mechanizing the

derivation of equations
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Automated (mechanized) modeling

� Can a machine be built that derives equations just like Babbage’s
mechanical adder?
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Automated (mechanized) modeling

� Can a machine be built that derives equations just like Babbage’s
mechanical adder?

� Can we reduce the derivation of an equation to a series of symbol (string)
manipulations?

� The answer is yes, and Bond graphs are a good way to do it.

� Can we reduce the derivation of all mathematical theorems arising from a
set of axioms to a series of symbolic manipulations? (can we mechanize
the production of “truth”?)

� The answer is no, due to Gödel’s incompleteness theorem (some truths
may never be generated).

� Bond graphs allow humans to follow a systematic procedure to generate
dynamic system equations.

� Bond graphs allow computers to generate system equations in symbolic
form (ultimate reduction to manipulation of the symbols 0 and 1)
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What is a bond graph?

� Introduced by Henry M. Paynter (MIT) in the 1960’s.
A graphical representation of a dynamic system
carrying the same information as the equations
describing it.
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What is a bond graph?

� Introduced by Henry M. Paynter (MIT) in the 1960’s.
A graphical representation of a dynamic system
carrying the same information as the equations
describing it.

� Bond graph modeling involves:
� Representing a physical system together with chosen sign conventions and

causalities as a bond graph

� Reducing the bond graph

� Converting the bond graph to other formats (block diagram)

� Deriving system equations from the bond graph following a well-defined
procedure

� Software can simulate from bond graph or provide equations for simulation in a separate
program

� Model analysis can be performed with the bond graph, without deriving equations.
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Engineering Multiports

� Bond graphs describe power interactions among
subsystems or components of a larger system.
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Engineering Multiports

� Bond graphs describe power interactions among
subsystems or components of a larger system.

� This is in contrast to block diagrams, where the
interaction is described by signals.

� These subsystems are called multiports

� Bonds are the connection between ports.
� Power does not discriminate among the various

domains: power is power.
� This last fact is a key advantage of bond graphs :

generality.
� Bond graphs are also used in non-energetic

domains: economics, social systems.
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Power=Effort X Flow

� Power is the product of an effort and a flow variable.
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Power=Effort X Flow

� Power is the product of an effort and a flow variable.

� Effort and flow are generalizations (or categories) of common physical quantities

which give power when multiplied together.

� Example: W (t) = i(t)e(t) for the electrical domain, W (t) = P (t)Q(t) for fluid
dynamics.

� Which are effort and which are flow?

� These assignments have been agreed upon by the developers of BG, trying to
preserve common sense as much as possible.

� Pressure should be effort and flow should be flow!!

� Current is flow and voltage is effort. Is that what you would have thought?

� Please refer to KMR Tables 2.1 thru 2.5. Can you think of a pair of effort and flow
variables not belonging to any of those 4 domains?
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Example of a multiport

Electric Motor

Effort: Voltage

Flow: Current
Effort: Torque

Flow: Angular Speed

P1(t) = e(t)i(t)

P2(t) = T (t)w(t)

� Power is passed to and from the multiport.
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Example of a multiport

Electric Motor

Effort: Voltage

Flow: Current
Effort: Torque

Flow: Angular Speed

P1(t) = e(t)i(t)

P2(t) = T (t)w(t)

� Power is passed to and from the multiport.

� e(t), i(t), T (t) and w(t) are signals.

� From a black-box point of view, which ones are inputs and which outputs?

� How many can be specified (inputs) and how many arise as a consequence of the
prescribed ones?

� This is the issue of causality. More later.

� We also have to decide about signs for the effort and flow variables.
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Energy variables

� Two variables are introduced in addition to effort
and flow.
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Energy variables

� Two variables are introduced in addition to effort
and flow.

� The momentum p is the integral of effort:

Momentum: p(t) =
∫

t
e(t)dt

� The displacement p is the integral of flow:

Displacement: q(t) =
∫

t
f(t)dt

� Remember the definitions by taking the case of
mechanics: flow is velocity, effort is force.
Displacement better be the integral of velocity (a
flow). Remember also that force is the derivative of
momentum. So displacement is the integral of flow
and momentum is the integral of force.
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Tetrahedron of state

e

p

f

q

∫
dt

∫
dt

� Eat Pizza, Feel
Queasy
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Tetrahedron of state

e

p

f

q

∫
dt

∫
dt

� Eat Pizza, Feel
Queasy

�

Counterclockwise,
integrate

MCE503 – p.10/14

Graphical format for bonds

Subsystem 2Subsystem 1

Bond

Half Arrow Causal Stroke

e

f

Effort and

flow vars
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The power sign convention

� e(t) and f(t) are functions of time which may
repeatedly cross the zero value.
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� The half arrow indicates the direction of power
when effort and flow coincide in being positive.

� Examples: 1) Engine braking (downshifting); 2)
Battery drain vs. charge
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The power sign convention

� e(t) and f(t) are functions of time which may
repeatedly cross the zero value.

� The half arrow indicates the direction of power
when effort and flow coincide in being positive.

� Examples: 1) Engine braking (downshifting); 2)
Battery drain vs. charge

� More about signs as we go along.
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The causal stroke

� The BG method requires a consistent assignment
of inputs (prescribed) and outputs (determined).
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The causal stroke

� The BG method requires a consistent assignment
of inputs (prescribed) and outputs (determined).

� Inputs cause outputs, hence the word causality.
� Each port connection of a multiport involves e and

one f . Only one is imposed to the multiport. The
other one is determined by the multiport via its
internal defining relationships, which may involve
variables from other ports.

� The causal stroke simply indicates the subsystem
(upstream or downstream) for which the effort
signal is an input.

� Why can’t both e and f be simultaneously
prescribed?
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Exercises: Word bond graphs
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