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The traction system of an automatic subway is described using 
four different Energetic Graphical Techniques:

1) Bond-Graph (BG) 
2) Energetic Macroscopic Representation (EMR)
3) Power-Oriented Graphs (POG)
4) Vectorial Bond-Graph (VBG). 

The paper highlight the analogies and the differences between 
these modelling techniques in the analysis and simulation of the
considered automatic subway system.

In Simulink, the four considered graphical techniques provides 
the same simulations.



The BG, EMR and POG modelling techniques are 
based on the use of the Power and Energy variables.

The physical elements (F.E.) interact with the external 
world through power sections characterized by two 
power variables vi e vo.

Each power variable has its own positive direction. 
According to these definitions the power P entering the 
physical element can be positive or negative. 
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Dynamic Modelling: power variables
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Dynamic Modeling of Physical Systems

Different Energy domains:
1) Electrical; 2) Mechanical (tras./rot.); 3) Hydraulic; etc.

The same dynamic structure:
• 2 “dynamic” elements D1, D2 that store energy;
• 1 “static” element R that dissipates (or generates) energy;
• 2 “energy variables” q1(t), q2(t) used for describing the stored energy;
• 2 “power variables” v1(t), v2(t) used for moving the energy; 
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Across-variables

Through-variables

POG:

Efforts FlowsBond Graphs:



Stroke for 
causality

Positive direction 
of the power.

- An arrow representing the positive 
direction of the power. Power variables: 

effort and flow

Bond Graphs (BG)

The Bond Graphs are composed by the following basic elements:
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- A line representing the “bond”: effort
above and flow below the line.

e

f

- A stroke representing the integral or 
differential causality.

- Three basic 1-port elements which 
store and/or dissipate the energy: 
capacitor C, inertia I and resistor R.

- Four 2-port elements which simply 
transform the power: transformer TR, 
gyrator GY, modulated transformer MTR
and modulated gyrator MGY.

- Two 3 port junctions for connecting 
the basic elements: 0-junction for the 
parallel connection and 1-junction for 
the series connection.
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Energetic Macroscopic Representation (EMR)
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• POG maintains a direct correspondence between pairs of system variables and 
real power flows: the product of the two variables involved in each dashed line
of the graph has the physical meaning of ``power flowing through that section''.

Power-Oriented Graphs (POG)

The Power-Oriented Graphs are ''block diagrams'' obtained by using a ''modular'' 
structure essentially based on the following two blocks:

Elaboration block Connection block

3-Port Junctions:

• 0-Junction;

• 1-Junction;

2-Port Elements :

• Transformers TR;

• Girators GY;

• Modulated TR;

• Modulated GY;

• The Connection block can only ''transform'' the energy.

1-Port Elements:

• Capacitor C;

• Inertia I;

• Resistor R;

• The Elaboration block can store and dissipate/generate energy.

Positive power flows
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The Traction System of a Automatic Subway
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Input filter Choppers
Motor 

windings
Power
link

Bogies +
Chassis

The electrical 
energy is filtered 

and stored

The control 
redistribute the  

energy

Two DC electrical 
motors with the 

armatures in parallel

The mechanical 
energy is given 
to the subway



Traction System: state space equations

Zanasi, Geitner, Bouscayrol, Lhomme Different Energetic Techniques for Modelling Traction Drives

Input filter: Switching functions:

Field and armature windings:

Choppers:

Power links between DC motor and bogies:

Power links: subway-bogies:

Total force:

Subways dynamics: Resistive force:



BG description of the Subway System
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Input filter Choppers
Motor 

windings
Power 
link

Bogies +
Chassis

- The graphical description is planar

- Each singular element is shown

- Exact mathematical description

- Not easy to read for beginners



EMR description of the Subway System

Zanasi, Geitner, Bouscayrol, Lhomme Different Energetic Techniques for Modelling Traction Drives

Input 
filter

Choppers
Motor 
wind-
ings

Power link Bogies +Chassis

- The physical connections between the 
energy domains are clearly shown

- The structure is easy to understand

- No mathematical details



- It is scalar and/or vectorial

POG description of the Subway System
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Input filter Choppers
Motor 

windings
Power 
link

Bogies +
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- Exact mathematical description
- Easy to read for beginners - Linear graphical description



POG modelling:  matrices and vectors
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Switching functions: Chopper voltages: Motor currents:

EMF voltages:DC Motor inductances: DC Motor resistances:

Motors-Bogies power link:

Bogies-Subway power link:

Motor torque vector:

Bogies velocity vector:



- It is scalar and/or vectorial

VBG description of the Subway System
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Input filter Choppers Motor 
windings

Power 
link

Bogies +
Chassis

- Exact mathematical description
- The graphs are linear and/or planar - No mixed effort/flow variables



Comparison: the input filter
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The physical system:

The EMR:

The BG:

The VBG:The POG:
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The physical system: The BG: The EMR:

The POG:

The VBG:

Comparison: the choppers
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The physical system: The BG: The EMR:

The POG:
The VBG:

Comparison: the eletrical motors
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The physical system: The BG:

The EMR:

The POG:

The VBG:

Comparison: the bogies and the chassis



Simulation results
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System parameters:

constant filed flux

increasing 
armature flux

de-flux



Simulation results
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All the four modelling techniques 
(BG, EMR, POG, VBG) provides the 
same simulation results.

The field currents are proportional 
to the field switching functions.

The armature current becomes 
constant because of the increasing 
the f.e.m.  due to the rotor 
velocity which is proportional to 
the subway velocity.

The total force acting on the 
subway mass is proportional to its 
acceleration



Comparison between BG, EMR and POG
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H. M. PaynterR. ZanasiA. BouscayrolAuthor

(Vectorial) 
Bond GraphsPower Oriented GraphsEnergetic Macroscopic 

RepresentationTitle

195919912000Year

Scalar or vectorialScalar or vectorialScalar or vectorialPower variables

Integral (preferably)
or differential

Integral (preferably)
or differentialExclusive integralCausality

All known All knownElectrical - Mechanical 
(extensible)Energy domains

829 
Electrical - MechanicalBasic elements

BG/VBGPOGEMRMnemonic



Comparison between BG, EMR and POG
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not graphically visiblegraphically visiblegraphically visibleVisibility of both 
directions

nonenoneCausal Ordering Graph 
(J. P. Hautier)

Assistance for the 
control

yesyesnoDisplacement / 
momentum explicitly

directly obtainable
(implicit in the graph)

directly obtainable
(explicit in the graph)partially obtainable

Mathematical model 
from graphical 
description

blocks and editor
as usual standard blocksuser defined 

subsystems alwaysUsage hints

yes 
(Implicitly) yesnoReference direction for 

power flow

Simulation and designSimulation and analysisSimulation and controlMain objective

add-on block library 
BG V.2.1noneicon librarySimulink library

BG/VBGPOGEMRMnemonic



1) All the four Energetic Graphical Techniques:

- Bond-Graph (BG) 
- Energetic Macroscopic Representation (EMR)
- Power-Oriented Graphs (POG)
- Vectorial Bond-Graph (VBG)

are very good for modelling physical systems

2) Each technique has its own advantages and 
limitations

Conclusions
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A final personal hope: the development of a joined 
program that automatically converts the graphical 
schemes from one energetic technique to the others.


