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- Interaction principle -

7
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action
o S2

Interaction principle S1
Each action induces a reaction

reaction

power >

Power exchanged between Sland S2 = action X reaction

Example
@ @ L
Ve, 0 E battery Ybat ~» load
- Vbat 54 iload li0ad
S
@ @ @ J >
battery load P=Vpat lioad
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- Causality principle - 3
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Principle of causality

physical causality is integral input output
cause f effect
x 1 ?
!
b
1:1
det —) area
OKin ﬂ impossible in
real-time  knowledge real-time

of past evolution of fu
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- State variable (1/3) -
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Energy is the integrative of power

t
Energie(t) = [ Power(7).dz
0

A system can store energy : in this case powerl(t) # power2(t)

»  System >
0 . Energy O R

Energy cannot vary instantaneously !

In fact, as: Power(t) = % Energy (t) we would obtain Power(t)—>w

=>» Physically impossible
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- State variable (2/3) - 10
EMR’12, Madrid, June 2012
Energy varies thus « slowly », according to the charge and the discharge of the
energy storage devices
Examples :
- filling the tank of a car
- energy storage in the capacitors
- energy storage in flywheels
- thermal energy storage in a heater
- compressed air storage
Variable linked to the stored energy
Example : 1
- energy stored in a capacitor (value C) : E= EC.\/ 2
ly )

=» variable linked to energy = voltage V > >
=» the voltage V of a capacitor cannot vary instantaneously T C
Vv
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- State variable (3/3) -

11

EMR’12, Madrid, June 2012

=
Variable representing the stored energy C,
Example : 1
- energy stored in a flywheel (moment of inertiaJ): E == J.0%2

=» variable linked to the energy = angular speed Q
=» angular speed Q of a flywheel cannot vary instantaneously
=» angular speed directly represents the energetic state of the flywheel system

State variable = Energy linked variable




« Energetic Macroscopic Representation »

- Different elements -
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Energy sources

e

An energetic system: —
—, Energy conversion elements

Energy storage elements

™~ Energy distribution elements

Energy storage element versus energy conversion element:
=) Different in view of control — state variable control

===p  The state of a energy storage element can not change
Instantaneously
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- Energetic sources -
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Source (" oval pictogram - -
pIctog terminal elements which represent

baCkgrO_und: light green the environment of the studied system
< contour: dark green
1 output vector (dim n)

_ 1 input vector (dim n) generator and/or receptor of energy
action
upstream downstream
source A S| X source
—
\®: power system ‘_@
Yo
/ Y1 direction of

reaction t " positive power
:> n (convention)
Pi=X1 Y= ) XYy P Xe Yo
=1
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- Energetic sources: examples (1) - 14

structural
description

EMR
(functional
description)
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Battery Electrical grid

Iy

U23T

2 independent currents

2 independent voltages

>
@
= _
G| Gt vl
—
p=ui
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- Energetic sources: examples (2) -
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—O—————
V .
Battery g |  Jiee

voltage source | O0O0O0O %ﬂ i
(voltag : d) | [ ) IC engine

generator an 2  (torque source)
receptor of energy Tee Energy generator

Qeer >

E@

Ligthing bulb
Energy receptor

qwmd [m3/s]

D

I:)Ioad [Pa] —
7

Wind
(air flow source)

Pioad - Energy generator

Qwind
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- Accumulation elements - 17
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Accumulator . : : :
(" rectangle with an oblique bar Internal accumulation of
> Z » | background: orange energy (with or without
< contour: red losses)
b upstream 1/O vectors (dim n)
_ downstream 1/O vectors (dim n)
causality principle

action output(s) =] input(s)
X
NI j
y oc | T(Xg,X,)dt
reaction/<Y E - o

y = output, delayed from

:> :> Input changes
P2=2X5. Y

P1=X1. Y =
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- Accumulation elements: examples (1) -
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Inductor 3-phase line
: L, r. i
N — >
structural / \Ul i A s
description y T L, r, TV > TG[@} 2
1 2 Uss u’23
mathematical L—OI i +r i =v, —V, [L]ii+rL i:l 2 -1 (u—u)
Model dt dt- - 3|-1 2|= —
V4 | u !
EMR (causal —» — [—
representation) & < \— <
| V, i ’
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- Accumulation elements: examples (2) -
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i
(0 )
Q Q
1 '3_8 _________________ (US_
v, v, T T,
Inductor Inertia
Vq i T, 0
1 > > > > 1 5
E-—Lj% —/ le— «—/ le— E=-JQ
2 I Vs Q T, 2
Iy I
VT__C T T
capacitor stiffness
I vV 0
E-lcy? —> > N oy LR 11_,
2 — [— «—/ le— E = EET
v I T 0,
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- Conversion elements -
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conversion
element

(" two pictograms

contour: red

background: orange

< upstream 1/O vectors (dim n)
downstream 1/O vectors (dim p)
Possible tuning input vector (dim q) losses)

conversion of energy

without energy } B
accumulation

(with or without

action /
reaction

Y1

Yo

X5

Y, =102 delay! <—

y, = f(x.2)

1l

:> 7 :> upstream and downstream

P1=X1. Y4

= X.. 1/O can be permuted
P2~ %o Y (floating 1/0)

tuning vector
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- Conversion element pictograms -

21
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s = electrical i
guare = electrical conversion
Circle = electromechanical conversion
rams | Z E ! Trlangle mechanical conversion
More For multiphysical systems
— 3 : :
' — Square = monophysical conversion

Circle = multiphysical conversion
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- Conversion element pictograms -
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Il

—
{_

Square = monophysical conversion

Circle = multiphysical conversion

V u
DC conv _
— 5 Uconv =M Vpc
— - lconv =M ljgad
Iconv T IIoad
m

m: modulation function of the converter
(m) =D =dutycycle
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- Conversion elements: examples -
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Uconv =M Vpc Qs = Kgear £2;
i =m I
conv load T
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- Coupling elements -

24
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coupling overlapped pictograms electro
clements < background: orange mechanical distribution
\contour: red ~ coupling of energy
/‘
— electrical mechanical no tunin
— | /\,l oupl s coupling J
vector

More gen

e

coupling ) ovelr(lapped pictograms multiphysical
clements bac grqund. orange coupling
contour: red

e
— Monophysical
— | /\, coupling
\
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- Coupling elements -

25
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: overlapped pictograms multiohvsical .. i
coupling 2 ckground: orange y |y distribution
elements _ coupling
contour: red of energy
e :
: ] Monophysical no tuning
coupling
" vector

—
Vcoupl
Vcoup2

parallel connexion
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- Coupling elements: examples -
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Field winding DC machine

\ _ . .
{Tdcm - k Iexc Iarm
€4em =K

exc

eXC

26

Mechanical differential

T |diff
Tgear T 1 /_

Tive =T vir = gear
ldif raif 2 fglwh
Oun +0Q <
0 Qqifp = —wh -l i T

2 LA L
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« EMR of a whole system »
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- Example of an electromechanical conversion system -
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electrical electromechanical

upstream conversion conversion ~ mechanical  downtream
““source \ \ conversion source
X X2 X3 X7
S R e &
< <
Ya Yo 0 Y3 Y7
\ £33
energy storage =
power adaptation
/(:] :{ upstream :> downtream
| ‘ source source
Bat: : PE E EMp= Fres ] ) ; .y
‘ Convention: direction of positive power flow
i | J (could be negative for bidirectional system)

!
!
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- Tuning path - 31
EMR’12, Madrid, June 2012
upstream downtream
€--------- > €-=-------- >
source source
Xy Xy X3 X7
" E— S?
< <
Ya Yo 0 Y3 Y7
£33 45 Zg7

Technical requirements: action on z,, and x-, to be controlled

Tuning path: ﬁ X3 —> Xy —> X5—> Xg —> Xy

— erss
A | X Lyg
Bat\| | PE HEMH N The tuning path is independent
of the power flow direction
\ \ b
= =

(e.g. velocity control in acceleration AND regenerative braking)
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- Association rules: direct connection -
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direct connection if;
Out(S1) = In (S2)

:.<:>:._._._ .Z . In(S1) = Out(S2)

S1 and S2 any sub-systems

Example , |
. Vic I Vic e =Vpc —u
| L I @ | >
——— @O0 _ i «— |«
I I
Ve i - - . i state variable
—_—
T | u Vpe I
I >
i, Bat —
' ° I u
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- Association rules: merging rule -

EMR’12, Madrid, June 2012

X X :
L Lé yz, 1, 2 accum_ulatlon elements
< < ——/ |e—— would impose the same
X1 Y, O X1 Y3 state variable x,

Conflict of association

l

merging

|

Y1 X1

il

3

1 equivalent function for
2 elements / systemic
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- Merging rule: example -

(L +Lm)%:u—e—(rf + I )i

I—eq-l_l—m rf +rm

— LYY Y Y Y u I
' Thre =Y/

35
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DC machine and L, 1, LT
smoothing inductor Y YN Y
i u T | Tuz uzT | ()Te
di di
u, Lfa:u—uz—rfl Lma:uz—e—rml
Assumption: L., L constant U | u2 I
- i bm > > —s=p [—>
4—Z4— <+ Z‘—
| U, | €
\_ %
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- Association rules: permutation rule -
EMR’12, Madrid, June 2012

36

permutation possible if same global behavior:
strictly the same effects (y, and x;) from the same causes (X, y;and z)
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- Permutation rule: example - é@’%
12
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J
d
N SN—ao O Rt
2 > —
LE PR A Q, =k, QT LE
T3
variable
Shaft + gearbox @ change
Ty I €
=1 — >
. 27 1 «— < <
no assumption y 0 o T
strict equivalence Q = 1 Q, 1 2 3
(same model) \ K
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- Interest of rules -

38
w .Ql .Ql EMR’12, Madrid, June 2012
. a 2, 2
Assumptions: ) 3. ) :
J, , J, constant T, T, )| to solve conflict
no backslash - J; - of association
3 4
T/ L 0 7. 32 0
1 2 3 2

N

<)
i
]

permutation
, J
\ ll. T/kz LE 2
K [T Z —’Z
D — < <
/ Q T _QZ\TS Q//T4
merging T, o)

'
|
_
N
=J
[
(&
‘ =
t
NL:
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- Lift example: EMR -
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suppl filter chopper inductor DCM shaft ulle
Y s TR T > <o > <-----o--- > S0
— Y Y\, >
Lf1 rf IL I / Tpul
, ( \
Ve C__ T
— -1 l,IC 0
? P
./ / Im
Ich
* -~ counter
weight
filter chopper DC machine  pulley cage+CW Veage
AGREEEETE S CRELELEE S0 CEEPTEEPLE > <-----s > <m----
VDC I uC uch Im Tm |:pul v age Y
»Z > —> > / @ cage
- < < < < <« <
IL uC Ich T Im em Q) Vcage I:res
m ermutation
merging P

and merging
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- Lift example: tuning path -
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supply filter chopper inductor DCM shaft
R I > <----- >G> oo > <----3
__f'Y'Y'\ —_— >
Le, 1 I I y Tpul
A { \
Ve C .
1 —lu 0
T Cc
?
./ / Im
Ich
* - counter
weight
filter chopper DC machine  pulley cage+CW
AGREEEETE S CRELELEE S0 CEEPEEEPLE > <-----s > <-----
VDC I uC uch Im Tm |:pul cage
—> > > —> > ¥ Env
I em ‘Q Vcage I:I‘ES

tuning path

EMR’12, Madrid, June 2012

\chage

)

cage
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« Conclusion »
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- EMR and systemic - 4
EMR’12, Madrid, June 2012 @
Y1 Xy Yo Xy EMR describes energetic
— 1/ I/ functions
< < < < u
X1 Y2 X1 Y3 EMR respects natural
. —~ —/ integral causality
X .
yzl L /0 are independent
«— Ai of power flows
X1 Y3 >
Tuning paths:
Priority to the function - defined by the technical requirements
by keeping the physical causality » independent of the power flow direction
(systemic)

EMR is adapted for control design
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