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Limitation to main

Prediction
phenomena in function of system
of the objective some properticg behavior

EMR = graphical formalism for model ORGANISATION
(after the modelling step)



Objective of the graphical description

A graphical description is chosen depending on objectives

EMR objective:

— real-time control and energy management of energy conversion systems

functional
description

causal
dynamical models
& forward A

static or

quasi-static

models
A

approach

=

causal models
A

systemic

(cognitive)
A

EMR must be
functional
ecausal
*systemic
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Requirements 8 s

Key aspects for energy conversion systems:
«Causality principle (energy)

*Interaction principle (Systemics)

/
Energy sources
Only 4 energy functions
y % Energy storage
are required to describe < _
Energy conversion
energy conversion systems
% y g Energy distribution

EMR = 4 graphical elements associated with the 4 energy functions




Source " oval pictogram terminal elements which represent
background: light green the environment of the studied system
@ < contour: dark green
1 input vector (dim n) generator and/or receptor of energy
1 output vector (dim n)
action q t
uostream ownsiream
P N\ X, X2 source
source —
\Cz power system ﬁ
Y Yo

direction of

reaction E _—"positive power
:> . (convention)
Z Xi1Yi1

P=X4 Yy LT Po=Xo- Yo



Example of source elements —

Battery Electrical grid
]
-
—o— N A
structural Ve N Uys
description — \} > 1‘
u
—o—l<— /\) 23
N

Ly

o [u23 L= [iz]

2 independent currents!

2 independent voltages!

EMR Ve 4
(functional
description) : I

P()=Voc (Vi) P()=u(t) i(t)=U 130)iy(6)+U5(D)ix(!)



Example of source elements —

e ® ——
Battery VDi___ , Tieo
(voltage source) I [O 00O %:' IC engine
—o—«¢- g
generator and W  (torque source)
receptor of energy Voo Too generator
of energy
; w
Tice-ref
qwmd [mS/S]
Pload [Pa] 7@
7 Wind
Ligthing bulb (air flow source)
receptor of energy :.u @ 3[) load m generator energy
I Qwind




Environment vs. System “

grid line diode rectifier
m <! lioad
\_/ A ) A
Y Uyg i Vi3 1 Border of the
- CD—> ? {>| Ve system?

U23T Vas
O aw
‘ system 1
> ‘ system 2
Zgrid >

‘ system 3
- liine >
!Iine
Vbe

bidirectional Viect
bidirectional :

I load
unidirectional




Accumulation elements

Accumulator internal accumulation of

" rectangle with an oblique bar _ ,
— 37— | background: orange energy (with or without

< contour: red ‘ losses)
upstream I/O vectors (dim n)

_ downstream 1/O vectors (dim n)

< <

causality principle

Output variable = Energetic variable

action output(s) =| input(s)

N, &1
/!

y
—> [
I

AV

M yoo | fla
I IoN
eactio y = output, delayed with regard

:> :> to input changes
XY

P1= P2=Xo- Y

fixed I/O (causal description)



Example of accumulation elements

inductor
i
structural *@@D‘
description T L, r T
V4 Vo
functional
mathematical L trni=v, -v,
Model
v, I
EMR (causal
functional & p
representation) i v,

1 t
i=—f (vy —v, —ri)dt
L J

output = integral function of inputs
output delayed from inputs

3-phase line
L, r

(QQQ) 1,

/
>
u i T u’y
13 2' 3
| “23T u ’st ‘

(1)

output = current vector (dimension 2)



Example of accumulation elements

inductor inertia
Vi ] T 0
" — > — /> 1
E = =Li? S Z< < Z< E=§]!22
2 I V, Q2 T,
I I
T € k €2
VT C T T
capacitor stiffness
1 I 4 €, T
E = —-Cv? _»Z_> —» /> E—lsz
2 < < < < -2k
v I T 0,




Conversion elements “

conversion o :
various pictograms
element _ i
background: orange conversion of energy
_ y—1—» | contour: red without energy}_
«— < upstream /O vectors (dim n) accumulation
Tﬁ_ Ic:Iown:s,trleam I_/O vectors (dimp) (with or without
_ ossible tuning input vector (dim q) losses)
action / {Xz = f(x1,2) delav!
] — -%
reaction 1 Yo yi=flz NOCSAY
—>
<
X2 !
\ upstream and downstream
I/O can be permuted
X 4. — Xo.
P1= X1 Z7 X2 Y2 (floating 1/O)

tuning vector



Mono and multi-domain Conversion elements

—_—) —) _ . .
Square = mono-domain conversion
; ! L Circle = multil-domain conversion
| Ve Ugony
Ve — _ Ucony = m VDC
- . . iCOﬂV - m iload
Iconv T I/oad
i L uCOf‘IV
conv m
o—<«¢ o

m: modulation function of the converter
(m) =D
= duty cycle



Conversion elements and I/Os

L
° | {uconv =mVpc —o-@-o—l
il = m iz N
VDC L VDC
or Upo
u
; Uconv | Ujaod . convee C
I1 ( 1 l1
o—¢ o o U = —u ° <o
] conv . )
2 4 bC Tri I lioad
Il =— 14
k m
conv.
T VDC Hoonv sy "2 inPUtS P VDC ©Tp l4 Io -, Ugsony
y T — —_— - y it A s —_— -
[ Bat ! = : [ Bat 1 s : v :
\\~__/ 4 1—:2/__14- —————— \\~__‘,4 ————— :-/__‘ 4_:1-,__:4____
i /|\ 2 Ujaod I vV DC /I\ Uconv lioad
m m

|/O are defined by accumulation elements




Example of conversion elements

- ~-o

______

VDC u conv
‘< ’ " "
I conv 1\ lload

uconv = mVpc
lcony = M i|oad

u ---

[ Idcm Tdcm
______ >: //'
4-'.'"'51/ :
L1

edcm 0

T1 Tgear = QZ
— — P
] e <
‘Qgear /l\ —(22 T3

kgear

Tgear = kgear T1
lgear = kgear {2

d
J gt 2 = Tgear — 15



Conversion elements and tuning vector

5-speed gearbox

0

gear
g ‘ Tgear = kgear T1
T, lgear = kgear {2
QZ
E[E[;| .Téear
7-1 Tgear
—> — >
«— «—

!gbear I !Qb

k

gear

kgear € {kl, k2l k3l k4-r k5}

fixed gear
Q0

gear

7A_

[ —

7-1 Tgear
—> —
— «—

!gbear !22

(no tuning input)

kgear = constant



Coupling elements “

coupling element

distribution of energy

| 5 (" various overlapped pictograms without energy}
«—| rF T_ background: orange accumulation
| < contour: red without tunin
1=, pairs of 1/0O vectors th th g
< N pairs, N-1 pictograms (with or without
~ losses)
. = Xq,..X
action / 2= S ) no delay!<—
reaction — X1 %) Yn = fa(X1,--Xn)
X2
| =
' I
1 - :> Mn
<
Xn

:> :> N elements connected

(N-1) overlapped pictograms



Mono and multi-domain coupling elements “

-~
: overlapped pictograms Multi-domain .
:g:ﬁg:i < background: orange coupling distribution
contour: red of energy
.
e .
— Mono-domain no tuning
— coupling vector
vV = _
_— i y coup?_y, " DC 3 electrical elements
T A ST ey i Connected
v § I b ((Bat 2 " Veour=Vpe  (battery, load 1, load 2)
DC__ VCOUP7 o icoup
T LV .
coupz i 2 overlapped
i orange squares

Vpc common
parallel connexion lcoup = i1 + 1z



Examples of coupling elements

Field winding DC machine

Tdem = k texc tarm
ueXC

earm = k iexc (2

Mechanical differential T it
Q T T ( /
T. . lwh Tove = Toovip = gear gear
PR idif = Trdif = — — O
diff \
( )
_ O Qwh T 2rwh i Trire
Tgear Trdi 'leff = 2 \ —
Q0



Summary on EMR elements n

C: ESEEE% \ all elements connected
by action/ reaction (Systemics)

> > Energy .
Z: accumulation all power /O defined
by accumulation elements
Energy > (causality)
conversion

potential tuning) only conversiop elgments
can have tuning inputs

: ; (
:% Energy @

distribution

Y. valuable for control design

[Bouscayrol 2012] [Bouscayrol 2023]
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Direct association T

=

Y1 Y2 ok Y2 Ys

S1 and S2 any sub-systems

Ve I i —
'E ; ‘@ Vpc —u

I energetic variable

Example

L
§

I U

VDC IL
| =
L : <
< Q U

—_
o



Conflict of association “

Y1 X1 .
R ._ R 2 accumulation elements
) Z ZlI :> Impose the same
X1 Y3 state variable x,
NO
Y1 Y2
— 1R X — Conflict of association
L " Sat,___
Y2 Ys solutions
derivative simplification merging
! X1 y3 y1 X1 y1 X1

| d L . o [
) ) ) R T— Y
Yo X4 Yo X y

1 3

Structural / mathematical Cartesian approach 1 equivalent function for
solution / non physical / non physical 2 elements / systemic



Y1 ‘ Yo X1 .
_.Z & :Z R 2 accumulation elements

would impose the same
Y3 state variable x,

Conflict of association

EMR only for detection of
l conflict of association

merging @
L

> - come back on modelling

X % for mathematical solving

1 3

1 equivalent function for
2 elements / systemic



Example of merging rule

DC machine and
smoothing inductor

I

u u,

Assumption: L, L, constant

Remark:
btbn L I
TF+Tm TF Tm Tf
merging Structural simplification
(systemic) (Cartesian)

Lfrf Lmrm
e Y Y
u i TUZ UZT I ()Te
di di _
Lfa—u—uz—rfl ma—uz—e—rml

-
N

di
(Ls +Lm)a= u—e— (rr +np)i
L+l re+r,, :
Y Y Y Y L R

uT I QTe :

v




——————————————————————————————

X1 X5 L X3 Xq X L X3
— ; o « «
Y1 Yo ' Y3 Y1, Y2 Y3
Z Z
Xy 0 -0 T T T I X3
S 5]
_—
Y1 i Y3

permutation possible if same global behavior:
strictly the same effects (y, and x;) from the same causes (x,, y;and z)



Example of permutation rule

q J
O 0 J =T -1
\1 N | : T \ £ 2
- £, > . —>
J J 1/ T, =kTs < ) “
T, 1\ 2 = kefhy “ & '
T3
variable
Shaft + gearbox @ change

d !
-Qz:Tz—T3
dt

T T’ 2,
(1 — > /—>
T2 - E T1
no assumption < 1 0 ' 0 .T
. . 0. ==0 1 2 3
strict equivalence L 1= pio

(same model)



Interest for the rules

Example: two inertia linked by a fix ratio gearbox

Q1 ‘Q1
| B QZ Q2
/) J, )
T1 T2 E J2
T T,
Models
.Qz = K.Ql
J1 I —T; T, = K.T, Jp I3 =T,
Representation \
T, 2o, 0,0, T, 22 0,
— — —_— e — e
o /) i
'Q1 T2 T2 T3 QZ T4

causal acausal causal



Interest for the rules

‘Q1 ‘Q1
[ 0 Q0
Assumptions: VAR, E 2 2 _
J, , J, constant T, T, B ) to solve conflict
no backslash T J; T of association
3 4
1 J2
QO T, 2 0,
> > — —p
< Z: k <
/ T> 2, T,
permutation
\ L :
- k
merging T, o J
\ ) TZ: eq&’ J1
- K ) . Jeq = oz + /2




Summary on association rules —

Y1 — %1 Y2 o X1
) Z ) \: Z: Priority to the function

X1 Y2 X1 Y3 by keeping the physical causalit
o > y ping pny y
\/ . . .

Yo X4 Principle of hollsm
> i - (systemic)

X1 Y3

Main difference between structural and functional descriptions:
1 physical device: maybe 2 functions (e.g. two EMR elements)
Association of several physical devices: maybe a unique function (1 EMR element)



o EMR of a complete system

0 Example



Example of an electromechanical conversion system “

electrical €lectromechanical

upstream conversion ~ conversion  mechanical — downtream
source \ \ conversion source
X1 X X3 X6 X
I — . S2
< < <
Y1 Yo /|\ Y3 Ye Y7
e.g. battery \ Zss / e.g. road
energy storage
[Chen 2008]
("' = upstream :> downstream
., source source
§\ N R
Bat [ | PEH{EM

Convention: direction of positive power flow
\_ d (could be negative for bidirectional system)




Action and reaction paths “

Bidirectional system if:

up stream * bidirectional sources downtream
< Source” * bidirectional conversion elements “soutee "
X4 X X3 X6

\ 4

S

X7
=
Vs Y7

Coons
Y1 : Yo Y3

£33
P>0 action path:¥7 — X2 — X5 — X4 — X5 — X5 — X7
(e.g. acceleration) reaction path: Y1« Yo« - < V7
— ez P<0 action path: Vi« Yo« -+ <« Y7
« ) (e.g. braking) reaction pathx; — X, -+ 5 X;

I

L) o~
Bat [ | PEHEM

DI

|/O independent of power flow direction
N 4 action/reaction dependent of power flow direction




Tuning paths T

Tuning path: causal path from the selected tuning input
to the output to be controlled
upstream downtream
source “'source

X7
Vs Y7

Technical requirements: action on z,; (e.g. converter modulation ratio)
and x; (e.g. vehicle velocity) to be controlled

X1 Xo X3

GD:Z‘_J—_.
Y, L1y, Vs

1

— wzz Tuning path: V X3 —> Xy —> X5—> Xg —> X7

Zo3

Bat [ | PE
&\\\\\‘\\%

The tuning path is independent
of the power flow direction

EM

=D (e.g. velocity control in acceleration AND regenerative braking)



Summary on EMR at system level

/ |/Os are independent
of power flows

Variable tuning paths:
to control

X, X5 X, » defined by the technical requirements

_XZ. ; @ * independent of the power flow direction
QI ] i [ e/ <

Y2 Y2 I Y3 Y4 D
t‘::;;? EMR is adapted for control orgnization
_ unique control scheme whatever
EMR = tool for analysis before \ the power flow direction

control development (e.g. traction or generator mode)
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Example of a lift system “

suppl filter chopper inductor DCM shaft ulle
Y ety < PP S > 20070
Y Y\,
Lf; rf IL Tpul
\
VDE___ C:: ‘0 n
< counter
weight
Vcage
Assumptions: 9
- ideal switches cage
- DC Machine not saturated

Technical requirement:
- control of velocity v,
- tuning input = modulation ratio of chopper m

[Lhomme 2014]



EMR of the lift system - a0

suppl filter chopper inductor DCM shaft ulle
Y ety < PP D GREEIENE > 20070
Y Y\,
Lere Iy T, Tpul
\ \
v C )
>l — Y0 ‘0
< counter
weight
filter chopper DC ulley cage+CW \chage
fiter  chopper . DC ___puley  gage+CW
machine
. . (%
VDC Z I ‘ Z UC‘ ucfz Im Tm F pul Vcag { cage
—/—1 A
I Uc  Ien ¢ Im Cm Q2 Vicage F res
i permutation

Merging and merging



Tuning path of the lift system

suppl filter chopper  inductor DCM shaft ulle
Y ey 200D D > 20070
Y Y\,
Lf; rf IL Tpul
)
VDE___ C:: 2o\
r—— counter
weight
filter chopper DC pulley _ cage+CW \chage
tuningpath AGEEEEEED 2 Gl bt <_Fﬁé(_:ﬁi_r1_é_>< ------- > <? ------ >
. . e
Ve Z I Z Uc Ush—nlm T i ——Lpui — Voag { cage
o ] s s Q) =/
I Uc  Ien /r Im Cm Q2 Vcage F res

(cabin up) P >0 P<0 (cabin down)






EMR = multi-physical graphical description
based on the interaction principle (systemic)
and the causality principle (energy)

Basic elements = energetic function
sources, accumulation, conversion and distribution of energy

Association rules = holistic property of systemic
enable keeping physical causality in conflict of association

Applications of EMR

analysis, simulation, control organization...

@z:{z_@
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Thanks for your attention!

Laboratoire
delrnL e de Lille
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