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Outline

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.
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Dynamic Modelling: power variables

The BG, EMR and POG modelling techniques are P
based on the use of the Power and Energy variables. _I’
Wr—

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

|
|
|
ower variables v; e v_. :
p i 0 : F.E.
|
Each power variable has its own positive direction. :
According to these definitions the power P entering the ,
physical element can be positive or negative. @:‘—
4_
The power enters into the element: The power exits from the element:

I

F.E. F.E.

z z<:> Z Z<:>

V.
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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 D,, D, that store energy;
e 1 “static” element R that dissipates (or generates) energy;

e 2 “energy variables” q,(t), g,(t) used for describing the stored energy;
- 2 “power variables” v,(t), v,(t) used for moving the energy;

Electrical Mechanical Hydraulic

POG: Dy | C Capacitor | M Mass C7 Hyd. Capacitor

q | O glar e D h-’[omesm:um V' Volume
Across-variables @ V' Voltage 2 v C Velocity P (Pressure

Dy | L Inductor E  Spring L; Hyd. Inductor

go | ¢ Flux x Displacement | ¢; Hyd. Flux
Through-variables| (vo) | I C Current Q

R | R Resistor b Friction R; Hyd. Resistor

Bond Graphs: Efforts Flows
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Bond Graphs (BG)

The Bond Graphs are composed by the following basic elements:

- A line representing the “bond”: effort
above and flow below the line.

- An arrow representing the positive
direction of the power.

- A stroke representing the integral or
differential causality.

- Three basic 1-port elements which
store and/or dissipate the energy:
capacitor C, inertia 1 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: O-junction for the
parallel connection and 1-junction for
the series connection.

' Positive direction |
i of the power. :

AN
I g ! o
/,4 \\ f/lly\
o mmm o dm s | £,y ----4-L--aEmEEREaet
| Stroke for | | Power variables: !
| causality | \ effort and flow '
e e e
'#f & fl I —R
f

2 el e2
FEATR =2 p=3GY =

fl f2 f1l 2
el e’2 el e2
—MTR}— —MGY}—
fl T f2 f1 T f2

T
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el e3 el e3
1= 0=
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Energetic Macroscopic Representation (EMR)

Mechanical source of
energy

Electrical source
of energy

Element with energy — — | Electrical converter
— accumulation ha— <« | (without energy
: . T accumulation)
Mechanical coupling
(distribution of /=”\\ Mechanical converter
mechanical energy) ) ¢ (without energy
T accumulation)
Electrical coupling . . | Electromechanical
— (distribution of converter (without
N electrical energy) energy accumulation)
Electromechanical -
coupling (distribution —[ ] W Selector
of electromechanical — |~ of models
energy) S N
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Power-Oriented Graphs (POG)

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

Positive power flows

—_ —_ —_ —_—

X xX X - xX
3-Port Junctions: 1 I,é %i 9 2 1 K i 2
- i 2-Port Elements :

|
= 0-Junction; I \
I I e Transformers TR;
|
I

' * Girators GY;

e 1-Junction;

e Modulated TR;

i
/ I,, 1 '
1-Port Elements: ! ! « Modulated GY;
y —-fl y Y1 K' = Y2

e Capacitor C;

e |Inertia I;

= Resistor R; Elaboration block Connection block

e 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".

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

e The Connection block can only "transform' the energy.
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The Traction System of a Automatic Subway

"""""" gl 5 et 3 a7y R -
Motor Power
Choppers »

windings ¥ link |

I i
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X | ifd1 . I — !
LL+?_LC1;1 | I: I: ( M f IFre.q
| I Y N
Frgr | Lyran h ®:|_ I
T W
I ml : : :
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®
TUEFS | 'I II |
I t'_fczz h | 1
! | ’ !
© @ r :
Ao Be | Lol T e ;
The electrical The control Two DC electrical
energy is filtered redistribute the motors with the
and stored energy armatures in parallel
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Traction System: state space eguations

Input filter: Choppers: Switching functions:
Lfﬁif = VDC—Rfif—uf Uy — U2 = U3 = uf Uep(i) = Mep(i) Uf
Cf %’U;f = Ef — icp ?:Cp — z-c;e:al + ich + z-133','.'.'3 icp(z') = Mep(i) iload(i)

Fleld and armature WindingS: Power |inks: Subway_bogies:

d .
L) Zrisa(r) + Bfa(k)Lsa(k) = Uehop(k) — €fd(k) (k) = Mo (k) Vaub
d Fy(y = (k) Lom(r)

Larmaiarm + Ra'rm?:a'rm — ucpg — €arm

Power links between DC motor and bogies: Total force:

Ton(k) = Edem (k) Lfd(k) Larm = Kfd(k) Larm Upl = Ub2 = Vasub
Carm(k) = Kdem(k) Trd(k) 2o(k) = Efdk) lo(k) Fiot = Fp1 + Fyo

€arm — €arml + €arm?2

Subways dynamics: Resistive force:

M E'Ugub = Ftoi - Fres F'res = F[] -+ A Vgyb -+ br Ugub 4 ﬂ'fgSIIlCl.’
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BG description of the Subway System

1= 7 - T T T 1
I : I Motor 5 Power /| l
, Input filter :: Choppers :: windings :I link :I :
| I | I|

D Filter @& Filter {!) (EI} {b ® ® q::
a RL | C Choppers Motor windings I Torque een. || Bogies | e | .
Rail (RL) — (C) PP | g e quc g L 2 +Cha5515 Envir.

UG s . A S b = s s e N
|: : 1 I I| | )
|| | . | | \
[ [ | [
I | . { L_ARE I [ ! | i
Il | | - Sfpdl _ [ I
I| | ; I JZfdl I| MGY ; TF [ II
1
I| R: Rf I C}' I uf | L Ly R: Rarm :J' ) II | . M l
v, I jjf urléi II | Earm , Tarm |I Ysub 5FT -i'u.b
e Vv ; U, ar | o T‘F% T'P-s
Se ;E“ | 1| 1;\ 0 =y 0 —— MTE) éléﬂ:i 1 |—"I1=-far 1 :, 1 ﬁ;; e se
r éuJZJ (:ij tarm n-:: Akjrmi‘ |: Fb? :
. . 'iarm Vsub
I LL; h R D O | ,;rl I
! ! : 7|:;fd2 I MGy 2N T |
| | | k- b2 mMp1
I h MTF i.ll:cPS N 1 F—R:Eraz | e |
I I Mepa 'iiidz | Lrd2 I [ |I I
|
I h | I |
———————— die e em b o mm —Il- - em mm mm e s oem s o e = - _II_ -—em mm mm Em me mm mw omm ool
- The graphica| description is p|anar - Exact mathematical descrlptlon
- Each singular element is shown - Not easy to read for beginners
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EMR description of the Subway System

— o g EEm R TR R R i T T
: " Motor |, : ::' }
Input - Choppers W wind- i Power link !
: filter I | Ings | I |
@? (:';? Parallel (%) Motor (%: Series H') _ CT) (%'D
__ Rail Filter j; connection #ChOPPEf 5 _‘lﬁ'"' indings 5 hiconnection ' Torque gen,, ~ Bogies | Chassisj Envir.
T b - N
I I I| o |
I 1 us ugpl — rdd) | |
> I | |
L TN o
- —t+— [
| I 2 ' | |
i it Mepl ) I ; | |
I AT T
I [ | I . |
V ! — 1'_!:{ Uy H:FQ 3 J?’GTVL Earml
I / I a
ip =, ez g taflm — Carl form
| Il Mep2 |I II Earm
I [ y I
I I uy wghs — ipadl
| Il || -
I 1l iyl / 1
I 1 s e — e
I I Mepa |l I
B o e el o e e e e e e - N |
- The physical connections between the - The structure is easy to understand

energy domains are clearly shown - No mathematical details
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POG description of the Subway System

Filter
(C)

Filter
(R)

@ ®
I I
I I
I I
I I

uf

- T T . TE T R -

&>
M
L)

- Exact mathematical description - It is scalar and/or vectorial
- Easy to read for beginners - Linear graphical description
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POG modelling: matrices and vectors

Switching functions:

Mepl
Mgy, = Mep2
Mep3

DC Motor inductances:

L¢g1 O 0
L., = O Lgrm O
0 0 Ltda

Motors-Bogies power link:

O Kdemi1tfd1 O
M, = ,
[0 kaem21fq2 O

Bogies-Subway power link:

M, = | mp1 M2 |

Chopper voltages:

DC Motor resistances:

Motor currents:

Uepl lfdl
Uep2 lm = [Tarm
Uep3 Lfd2

EMF voltages:

Rfdl 0 0 € fdl
0 Rarm 0 €m — | €arm
0 0 Rfdl € fd2

Motor torque vector:

o Tml
T 1,
Bogies velocity vector:
2p1
). =
o )
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VBG description of the Subway System

G? Filter @ Filter Motor
windings

Rail | (@LR) | (© 1 Torque gen. | Bogies | Chassis ! Envir.
e e ——— e e ——— = — —
! | ! : ! | |
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T ! | :I T :| v :
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: oults Uf]_&z’ :, r h oullm |: |: T OF vsub:

VDC mcp | | Mg b Fres
De v~ u g 1y .. e T E, I
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I / !
1 R: R_f II

I

I

- Exact mathematical description - Itis - and/or -

- The graphs are linear and/or planar - No mixed effort/flow variables
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Comparison: the input filter

The physical system: The BG:
L R;
| | | : :
T+ MAT— 14— RBp Gl
| | | :
iy uf|&
| I Vige ! :I_
Voo lef __Tuf DC . = ug e
| I X D f I
| . | o Se 4I . I 0 ;I
if Ea Ly ¥, lep
J — < Su |ty
! | | | ‘7
@ @ @ @ I Ly
The EMR: The VBG:
I Lf C:Cf
o
Voo Uy . oults “f]fi
Dc :
@ft Se LIy 1 g —L
i ¥ . D Lt - lf lep
Lf

if -Ifr_" P
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Comparison: the choppers

The physical system: The BG: The EMR:
| | : m.c':pl Uepl uf Uepl
us | Il ifdl . —
. Tepl T'fdl
EC‘?_I_ |/ (: "3 mIpl
|
I | u  er2)
I Mep2 ~
s ﬁ T N MTF ﬁ. -
. cp2 AT
iep2 I/ I/: The POG- Mep2
| \
| 1 | | U- b —puCPs
| I m
y — '-|—D- cp -D-|— "
’ : I I crd icpa f 1fd2
fop | | ifda
L (1 | The VBG: Mep2
I I
| | control
| control |
| | 1
I I
I I
| | mg;;
| | (i} f .. 1 cp
L mf, <k ﬁ. MTF -
p cp m
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Comparison: the eletrical motors

The physical system: The BG: The EMR:
: : ifd1 : [ l Uepl — Tfdl
[ ptep1 | | PN ) SRRy /
— I I oF Tfd1 Tfd1 kya1 T . /I T
: EFsa1 | Lga1 | | szdl M’Gy# fd1 fdl
I
LLsy RiBarm ;
: I T fdl Carml ' ' Tarm le
| Rarmi | Larm1 I Jl' j_’iarm tarm Uep2 — Tarm arml
Uep2 arm
-,_U.cpz I I l - = \l| 1 I > 1 /
L I | I Tarm ' tarm e A = y— Tarm
| Ra,-rm? I Larmz I | kﬂrm i Earm?2 2R i) T
I EANMA—-FB00>— T - L« larm Earm m2
| | | s fd2 LLarm T
| I 7|_ MGY —Z2Y Ucpd — TFd2
| | Rfaz | Lggz | |tarm ' Uppa e 2 Qb2 — ’ P2
4—fu3 | | E i"*’,ué S R: Ry /
| ep I | fdz2 fdz2 I - M
| | LFd2 | | Tfd2 €fd2
| | |
B) ® @ The POG:
| .
ey Q The VBG:
1 | T
| | | 7 v
: . : : ou|L,
M
[ | | u. e € T
| BRm |1 Y77 | —_— 1 MY —
: : L : : Im - Im S_lb
A bra?
]
e - e 1 . »lp 4
e Me T R:R
lT?? m m
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Comparison: the bogies and the chassis

) The POG:
The physical system: NeBG ? | |
Vaub E b | Usub I
— Tml mbl ‘74_ ME Usub
|
( y \ F... .1 TF | | |
[ ) e —— | I: M | | |
AN ¢ ©@ Fpy | | |
3 : : Tzub 5FTL'5ub F : : 1 :
Ll —a Fit | Fi.. res F
|/ 1 : 1 Lsub 1 Vauh Se i i g i
T Fb% b I I !‘W I
- ﬂ_bz_ =t -b-J-D- M Fres
Tz T, b Fiot |
——Y TF
Qpa el
The EMR: The VBG:
e o I: M
7 T 5;‘:‘5%
bot 7 Vaub T Mb Ff- : FTES
m P D .-
- (s TI TF ﬁl 1 ﬁ Se

o F‘r‘es

th Vsub

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



Simulation results

System parameters:

Input voltage: Vp- = 750 V,

Filter parameters:
Cy =6 mF, Ry =0.01 Ohm, Ly = 0.9 mH;

DC motor parameters:
L_fd'é = 0.5 H, R_fdic = 2 Ohm,
Lurm: = 054 mH, R, .; = 0.025 Ohm,;

Torque coefficients: kqcmi; = 0.077;

Bogie ratios: mp; = mpz = 18.12;

Chassis mass: M = 15000 kg;

Resistance force parameters:
Fp = 1550 Nm, a,, = 30, b, = 4, «

0;

Initial conditions:
Vsup(0) =750V, 154:(0) = 24 A.

Switching functions m .1, M p2 and m ;3

o 007 _ !
& ool 7 - de-flux.
- E E E
5“0'05_'C(')"hs'tant' ﬁle”d”ﬂl',l”)(' T e
E 004 I 1 1 1 1

0 1 2 3 4 5 6
ng T T T T T

™

%04_. . : . = o - ) / L
: : IncreaSIhg :
Bl . , . .
_ - armature flux ;

% 1' 2 3 s 5 5

Time [s]
Voltage wu ¢

750 T T T

o T .

3?48_ .............. _ —

~ —_— ]

S 747 i

?46 1 1 1 1 I
0 1 2 a 4 5 6
Current 7 ¢
400 - !

— 300 . -

< e

— 200 ; -

- :

= 100} _

0 | 1 1 1 I
0 1 2 3 4 5 5
Time [s]
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Simulation results

Currents 7447 and 244
All the four modelling techniques # — r .
(BG, EMR, POG, VBG) provides the

same simulation results.

crd(k) [Al

; > ; : :
: ) Current 2.,
The field currents are proportional — , . : .

to the field switching functions. N ]

2 a 4 5 5]
The armature current becomes Time [s]
constant because of the increasing _
the f.e.m. due to the rotor " | | Ve}omt?’ Usub
velocity which is proportional to ESO_ _____________ T
the subway velocity. = oo}
FAOf "
® ; . . : ‘
0 1 5 5]
x10*
The total force acting on the EB |
subway mass is proportional to its \j Vs
acceleration s TTT—
% : 2 8 4 5 5

Time [s]
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Comparison between BG, EMR and POG

(extensible)

Mnemonic EMR POG BG/VBG

: Energetic Macroscopic : (Vectorial)
Title Representation Power Oriented Graphs Bond Graphs
Author A. Bouscayrol R. Zanasi H. M. Paynter
Year 2000 1991 1959
Energy domains REglisae - chanical All known All known

Power variables

Scalar or vectorial

Scalar or vectorial

Scalar or vectorial

Causality

Exclusive integral

Integral (preferably)
or differential

Integral (preferably)
or differential

Basic elements

9
Electrical - Mechanical
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Comparison between BG, EMR

and POG

Mnemonic

EMR

POG

BG/VBG

Visibility of both
directions

graphically visible

graphically visible

not graphically visible

\ 4

Assistance for the

Causal Ordering Graph

momentum explicitly

control (J. P. Hautier) Sl Lok
Reference direction for yes

no . yes
power flow (Implicitly)
Displacement /

no yes yes

Mathematical model
from graphical
description

partially obtainable

directly obtainable
(explicit in the graph)

directly obtainable
(implicit in the graph)

Simulink library

icon library

none

add-on block library

BGV.2.1 .
Usage hints user defined standard blocks blocks and editor
subsystems always as usual

Main objective

y

Simulation and control

Simulation and analysis
A

A 4

Simulation and design
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Conclusions

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

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