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Colloquium R.U. Groningen December 8, 2009

—n. 1/6¢€



Theme

How are open systems formalized?

How are systems interconnected ?
How is energy transferred between systems?

Are energy transfer and interconnection related?
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Theme

How are open systems formalized?

How are systems interconnected ?
How is energy transferred between systems?

Are energy transfer and interconnection related?

We deal only with electrical circuits and

1-dimensional mechanical systems.

Other applications: hydraulic systems,
chemical systems,
thermal systems, ...
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SYSTEMS




R y = e

OIL REFINERY (GVG / PD)
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vV v v V

Open
Interconnected
Modular

Dynamic

Features
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Features

Open
Interconnected

Modular

vV v v V

Dynamic

The ever-increasing computing power allows
to model complex interconnected system accurately
by tearing, zooming, and linking.

~»  Simulation, model based design, ...
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Example: A ‘quarter car’

load chassis

damper

axle

wheel

road
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Example: A ‘quarter car’

load chassis

damper

axle

wheel

road
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Open systems

J

Environment

Systems are ‘open’, they interact with their environment.
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Open systems

J

Environment

Systems are ‘open’, they interact with their environment.

How are such systems formalized?

How Is energy transferred from the environment to a system?
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Environment

Interacting systems

System 1

i
/

Interconnected systems interact.

Environment
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Interacting systems

Environment

System 1

i
/

Interconnected systems interact.

Environment

How Is this interaction formalized?

How is energy transferred between systems?

Are energy transfer and interconnection related?
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Motivation

The ever-increasing computing power allows
to model complex interconnected system accurately

by tearing, zooming, and linking.

~»  Simulation, model based design, ...

Requires the right mathematical concepts for
» dynamical system,
» Interconnection,

» Interconnection architecture.
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SYSTEMS with TERMINALS




Electrical circuit

terminals

Electrical
circuit

K

At each terminal:
a potential (!) and a current (counted > 0 into the circuit),
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Electrical circuit

terminals

Electrical
circuit

K

At each terminal:
a potential (!) and a current (counted > 0 into the circuit),

~ behavior # C (RN x RN)R.

(Vl,Vz, RN V/NTS ETS £ T ||\|) € % means:.
this potential/current trajectory is compatible with
the circuit architecture and its element values.
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Mechanical device

At each terminal: a position and a force.
~+ position/force trajectories (q,F) € £ C ((R*)2N)E.

More generally, a position , force , angle , and torque.
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>

>

>

Other domains

Thermal systems

At each terminal: a temperature and a heat flow.

Hydraulic systems

At each terminal: a pressure and a mass flow.

Multidomain systems

Systems with terminals of different types,
as motors, pumps, etc.
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Contrast with |input/output systems

outputs
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Contrast with |input/output systems

Input/output thinking is inappropriatefor physical systems.
A physical system is not a signal processor.

outputs

This observation~» behavioral approach with %4 central.

Early sources:

Brockway McMillan Robert Newcomb
—n. 14/6¢



KVL and KCL

terminals
1
V,
N 2 N
INN

Electrical
circuit

K

Kirchhoff’s voltage law (KVL):

[[(Vl,Vz,...,VN,|1,|2,...,||\|) et%f’anda:IR{—ﬂR{]]
= VMi+a,Vo+a,....W+a,l,lo,....IN) € B .

Equivalently, the behavioral equations contain theVi’s only
through the potential differencesV, —V;.
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KVL and KCL

terminals

Electrical
circuit

K

Kirchhoff’s voltage law (KVL):

[[(Vl,Vz,...,VN,|1,|2,...,||\|) e%anda:R—ﬂR{]]
= VMi+a,Vo+a,....W+a,l,lo,....IN) € B .

Kirchhoff’s current law (KCL):
[[(V17V27°"7VN7|17|27"'7|N) S 93]] = [[ |1—|_|2_|__|_|N — O]]
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Examples

Vi1—Vo=Rl4 l1+1,=0
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Examples

CEM—Vo) =11 l1+1>=0
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Examples

L3l =Vi—Vo  I1+12=0
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Examples

rAAAAN.VAAAN

LAY Y Y YR

’4»‘>‘b‘b‘b‘b‘&‘b‘&‘b‘»‘b‘b‘b‘\

=0

l1+1>=0,I3+14

V1i—Vo = n(V3—V4),—nI1 — |3
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INTERCONNECTION




Interconnection of circuits

1 1

W = Wy and In+ Iy = 0.
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Interconnection of circuits

1 1

N—1 N —1

W = Wy and In+ Iy = 0.

Behavior after interconnection:
PB1 11 Ao
L= {(Vl, oo oNCL VY VN b I Ly IN’—l) ‘
3V , | such that
(V]_, oo oVWn—1, VI, oI, ) € %1 and
(Mo Vet Vo I, =1 ) € Bob
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Interconnection of circuits

~» more terminals and more circuits connected
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Preservation of properties

> [P, P> satisfiesKVL | = [so does#1 1 .%5]

> [A1, P, satisfiesKCL | = [so does#; M Ay,
>
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Interconnection of 1-D mechanical system

S

Mechanical Mechanical
system 1 system 2

Ogn=0n and HR+FRy=0
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Other terminal types

» Thermal systems
At each terminal: a temperature and a heat flow.

In=Ty and OQOn+Qn =0.

» Hydraulic systems
At each terminal: a pressure and a mass flow.

pn=pPy and fy+ fyy =0.
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Sharing variables

W= Vy and IN+ Iy = O,
On= Ov and F+FRy=0,
In= Ty and Qn+Qn = 0,
pn= pnv and  fn+ fy = 0,

Interconnection means variable sharing.
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Sharing variables

W = Vy
ON = On
In= Ty
PN = PN/

‘through’ and ‘across’?
‘effort’ and ‘flow’?
product = power?

and
and
and
and

IN+IN’: O,
N+ Ry = 0,
On+Qn = 0,
fN—l—fN/: O,
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Contrast with |signal flow graphs

Not appropriate for describing the interaction of physical
systems.

A physical system is not a signal processor.

—n. 23/6¢



ENERGY TRANSFER




Energy as an extensive quantity

Our intuition has been built to think of energy as an
extensive quantity,
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Energy as an extensive quantity

Our intuition has been built to think of energy as an
extensive quantity, meaning that it is additive

Etotal — El + E2-
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Energy as an extensive quantity

Our intuition has been built to think of energy as an
extensive quantity,

Environment

System 1 Environment

that flows in and out and between systems
along the interconnected interfaces (terminals).
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Energy as an extensive quantity

Our intuition has been built to think of energy as an extensie
guantity, that flows in and out and between systems along the
Interconnected terminals).

Some methodologies for modeling interconnected systems,
as bond-graph modeling and port-Hamiltonian systems,
are based on this thinking.

Henry Paynter Arjan van der Schaft
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Energy as an extensive quantity

In many situations, this view is correct. Mass, volume, and
energy in the form of heat are extensive quantities.
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Energy as an extensive quantity

In many situations, this view is correct. Mass, volume, and
energy in the form of heat are extensive quantities.

However, energy is more subtle for other forms.

Kinetic energy is not additive.

Same with energy due to gravitational attraction,
due Coulomb forces, etc.

Heat is a special, extensive, form of energy.
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Energy as an extensive quantity

In many situations, this view is correct. Mass, volume, and
energy in the form of heat are extensive quantities.

However, energy is more subtle for other forms.

Kinetic energy is not additive.

Same with energy due to gravitational attraction,
due Coulomb forces, etc.

Heat is a special, extensive, form of energy.

Energy and power are not a ‘local’ quantities.
They involve ‘action at a distance’.
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PORTS




—n. 30/6¢



Terminals {1,2,...,p} forma port <
(Vl,...,Vp,Vp_|_1,...,VN,|1,...,|p,|p_|_1,...,||\|)E@

= li+---+1p=0. ‘port KCL'.

(KVL &) KCL = all terminals together form a port.
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If terminals {1,2,...,p} form a port, then

power in along these terminals =V;(t)l1(t) + - - - +Vp(t)Ip(t),

to

energy in = / (VL(O)11(t) + -+ V(D) (1)) dt.

t

This interpretation in terms of power and energy is not valid
unless these terminals form a port!
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Dissipation into heat

Justification:

—

unit transformer

Shows transformation
of power into heat.

Requires port KCL!
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Examples

2-terminal 1-port devices

resistors, capacitors, inductors,
any 2-terminal circuit composed of these.
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Examples

3-terminal 1-port devices

transistors, Y'’s, A's.

|
ol
\
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Examples

4-terminal 2-port devices

Transformers, gyrators.

= S
<l (S
<1 T
<] LS
<1 T
<] LS
<1 T
<] I
<] (S
<] [
<l (S
<1 T
<] LS
<1 T
S >

Vi—Vo=n(Va—Vs),—nly =13 1 +12=0,I3+14=0
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Examples

AV 3

(T, (T,
2 | | 4

Terminals {1,2,3,4} form a port. But {1,2} and {3,4} do not.
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Are ports common?

X
Ny
V7 @

/

Theorem: Consider an electrical circuit consisting of an
Interconnection of (linear passive) R’s, L's, and C’s. If eery
pair of terminals of the circuit graph is connected, then

the only port is the one that consists of all the terminals.
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Are ports common?

Corollary : Consider an electrical circuit consisting of an

Interconnection of (linear passive) 2-terminal 1-port
Impedances. If every pair of terminals of the circuit graph is
connected, then

the only port is the one that consists of all the terminals.

Follows from the theorem, combined with Bott-Duffin (every
positive real impedance can be viewed as an RLC circuit).

In order to have non-trivial ports, we need
2-port building blocks like transformers in the circuit.
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Independence

(Vl,...,Vp,Vp_l_l,...,VN,|1,...,|p,|p_|_1,...,||\|)E@,GZRHR

= (Vl‘l‘d,,Vp"‘G,Vp.H]_,,VN,I]_,,Ip,Ip_H]_,,IN) E%

‘port KVl

For linear passive circuits, there holds

port KVL & port KCL .

We require port KCL li+lo+---+1p=0.
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DIGRESSION: RLC SYNTHESIS




RLC circuits

current |
-
_|_
circuit
current |

Relationship betweenv and |

d(&)V=n($)l nd real polynomials.
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RLC circuits

current |
-
_|_
circuit
current |

Relationship betweenv and |

d(&)V=n($)l nd real polynomials.

Which polynomial pairs (n,d) can occur?
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Positive realness

J

Theorem: The following are equivalent

» Zlisrealizable using (positive, linear) R,L,C’s
and transformers.

> L= IS positive rea)

l.e., Reals) > 0= Real(Z(s)) > 0.

n
d

Otto Brune
1901-1982
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Positive realness

J

In 1949 Raoul Bott and Richard Duffin dramatically
Improved Otto Brune’s 1931 result.

Theorem: The following are equivalent

» Zlisrealizable using (positive, linear) R,L,C’s

without transformers.
> L= IS positive real,

l.e., Reals) > 0= Real(Z(s)) > 0.

n
d

Raoul Bott
1923-2005
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(1-D) MECHANICAL SYSTEMS




The behavior

At each terminal: a position and a force .
~+ position/force trajectories (q,F) € Z C ((R*)2N)E.
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The behavior

At each terminal: a position and a force .
~+ position/force trajectories (q,F) € Z C ((R*)2N)E.

What are the analogues of KVL, KCL, of port?
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The behavior

invariance under uniform motion :< (i, dp, ..., 0N,
Fi,Fo,....Fy) e Zandv:t e R— (a+Dbt) € R®, imply

(CI1—|-V, qZ_I_Va"')qN +V7F17F27°"7FN) Egg-

Kirchhoff’s force law (KFL) :< (d1,02,.-.,0N,
F].)FZ) 7FN) E@Imp“es Fl_l_FZ_I__I_FN = 0.
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Interconnection

Mechanical Mechanical

system 1 system 2

gn=0n and K+FRy=0
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Mechanical ports

Terminals {1,2,..., p} form a (mechanical) port <

(qlg---7qp,qp—|—17---,qNaFla---,Fpan+17---7FN) E@,
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Power and energy

If terminals {1,2,...,p} form a port, then

powerin = Fy(t) " Sau(t) +- -+ Fp(t) T Sap(t),
and

52

energyin — [ (R0 G+ + Rt Gault)) k.

t

This interpretation in terms of power and energy is not valid
unless these terminals form a port!
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Examples

' 0’0'0'9’0’0’0'0'0'0’0’0’0’0’0'0’0 \’Q'Q’O 0’0’0" 0’0’Q'Q’0'0'0'0'0’0’0’0'0'0'0’0’0 F2
(0(0,‘.‘,‘3,0,0.0.'.t,t,t.w.t, D — e

/A

NNNO“NNMN 000 000\‘00“0““00000000

e?

Fi+F =0, Kai—0) =
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Examples

F F
02
0

d
F+F =0, Da(Ql—QZ) = F.

Springs and dampers,
and the interconnection of springs and dampers are ports.
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Examples

Not a port!!!
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DIGRESSION: MECHANICAL SYNTHESIS




Electrical and mechanical synthesis

V)

current |
-

_|_
circuit

current |

Relationship betweenv and |

d d .
d (a) V=n (a) | n,d real polynomials.

Z = — positive real

n
d
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Electrical and mechanical synthesi:

)

What mechanical impedances are realizable using passive
mechanical devices (dampers, springs, and masses)?

Is it possible to use RLC synthesis to obtain mechanical
synthesis?
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Electrical and mechanical synthesis

V)

- forceF

—_—
position g
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Electrical-mechanical analogies

J

voltage V < v velocity current | < F force

Resistor Damper
%(Vl—Vz):h, l1+1,=0 D(Vl—Vz):Fl, F1+F=0

Inductor Spring
Vi—Vo) =11, l1+1=0  K(vi—w) = &F1, Fi+FK=0

=

Capacitor Mass
C%(Vl_VZ):lla l1+12=0 I\/I%VZF
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Electrical-mechanical analogies

J

V <<V | — F

The electrical analogue of a mass is a ‘grounded’ capacitor.

Electrical synthesis = mechanical synthesis.
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The inerter

pinions

gear flywheel

terminal

F1 F
<—— —I<—
| g2
G
2
BL (01— ) =F1, Fai+F=0

Malcolm Smith
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Electrical-mechanical analogies

J

Resistor Damper
ZVi—Vo) =11, l1+12=0 | D(vi—Vo)=F1, Fi+FR=0

Inductor Spring
Vi—Vo) =811, Ii+12=0 | K(vi—w) = §F, Fi+R=0

=

Capacitor Inerter
C%(Vl —V2) =14, I1+12=0 B%(Vl—VZ) =F, H+F~=0

electrical RLC synthesis < mechanical SDI synthesis.
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force F

RLC and SDI

RLC
circuit

current |

——
_|_

voltageV

displacementA

current |

force —F
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RLC and SDI

force F | force —F

displacementA

Relationship betweenF and A

d d .
d (E) A=n (E) F n,d real polynomials.

Realizable iff Z(s):% positive real
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IS

Relevance of passive synthes

Electrical domain:
Theoretical (electrical) engineering highlight (<1960’s).

Until 1950’s important for filter design.
Eclipsed by the introduction of solid state technology
(transistors, etc.)
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IS

Relevance of passive synthes

Electrical domain:
Theoretical (electrical) engineering highlight (<1960’s).

Until 1950’s important for filter design.
Eclipsed by the introduction of solid state technology
(transistors, etc.)

Mechanical domain: Recent interest.
» requires no energy supply

» simple design

» reliability

» safety
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Hazards of active suspension‘s

Nelson Piquet crash in the Indy 500 practice in 1992

F

Nelson Piquet
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Success of passive suspensigns

Raikko
with McLaren and Smith’s ‘J-damper’.

Kimi Raikkonen
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Success of passive suspensians

F1 TEAMS FIND EXTRA GRIP
WITH NEW DAMPER SET-UP

SEVERALFORMULA 1 teamshave  withstand anearthquakewherethey  950-1050kg, sohe's gatamore againstdamping. | reckonitwould
beenusinga'mass damper’ this putthewatertankontheroof—so - constantload Itsaverygoodidea. takeno morethan 15 mingtes toset
season inorder o damg outtyre thiat wihen the building sways, the Itwouldalsobe easytoset-upona  ftup. Onfthe downside it addsa bitof
bouncing frequeniies through waleris going in the oppasite seven-post g, balancing mass weight quite highupinthecar.”
comersand therebykeepthegrip  direction atthe same frequency.
Mo consistent. “Inthis case, as the caris going
Renaulland Red Bublareknown o up, thetyre isgoing downand vice

besing such a system wersa, With this, the car
andit’s befieved that witl still bounce at the
Fierrar and Williams —and same frequencybul
perapsotherston—alse ¢ 'i Il theamplitiede wil
have tfitted. I{'sasimple. (SN ol b damped down.
mechanical desice - -;-" Ifyon take an
comprising aweight L average tyre

(believed tobe of arund contact loadand
Qigh on asprng. ASSUMESaY

Gary Anderson explainedits 1000kg. you'd typically ses
purpose: “Youses acarbouncing, avariation of 3-1100kg But
suchaswhenit hitsakerb. Thiswillbe  thedriverneeds tofeel sure
atarownd 8-9Hzon the tyres. This ofwhat he's gotashe goesinto
devicewill getan equal frequency the comer. Isthat 00 .or 11007
goingin the opposite direction. I'sa  Withaweight of around 10kgyou
Pt like & tall building designed to canmaybe getthe vanation |:Itvl.'-

GRORGHIPEIA
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Success of passive suspensigns

Secrets of the inerter revealed
20 August 2008

A Cambridge University invention which
was kept a closely-guarded secret because
of the hidden advantage it offered to a
Formula 1 racing team is finally being
made avallable for widespread use.

For years, the mysterious "J-Damper”, a
vehicle suspension device described as the
F1 technical innovation of the year, was
carefully codenamed and concealed to
prevent it from being copied by rivals.

McLaren agreed an exclusive right with the
University to exploit the technology, but confidentiality restrictions ensured

that other F1 teams were kept in the dark. Internet fan-sites and blogs began

to buzz with speculation about what the device actually was.

MNow, with the lifting of the confidentiality agreement, the secret of the "J-
Damper" can finally be revealed. Cambridge Enterprise, the University's
commercialisation office, has signed a licence agreement with the American
firm Penske Racing Shocks, enabling Penske to supply them to any team in
F1.

In fact, the device was first conceived by its creator, Professor Malcolm
Smith, as long ago as 1997 and raced for the first time by MclLaren in 2005,
when Kimi Raikkonen achieved a victory for the team at the Spanish Grand
Prix.

The term "J-Damper” itself was merely a codename to keep the technology
secret from potential competitors for as long as possible. Its proper name is
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KINETIC ENERGY




Back to the mass

q

e
G d1 . d ., _-d
Mizd=F = SsMlzall®=F —d

If F'vis not power,
is then 3M||v||? not the stored (kinetic) energy ???
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Kinetic energy and invariance under uniform motions

M

®o—

What is the kinetic energy?
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Kinetic energy and invariance under uniform motions

M

®o—

What is the kinetic energy?

1
@@kinetic — é M HVHZ

Willem ’s Gravesande Emilie du Chatelet
1688-1742 1706-1749

This formula is not invariant under uniform motion.
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Kinetic energy and invariance under uniform motions

M1

. M
V1 g_.z

What is the kinetic energy?
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Kinetic energy and invariance under uniform motions

M1

. M
V1 E_.Z

What is the kinetic energy?

1 M1 Mo
Skinetic = é M1+ M, HVl_VZHZ

Invariant under uniform motion.

Can be justified by mounting a damper or a spring between
the masses.

—n. 63/6¢



Dissipation into heat

Justification

— @t

1 M1 Mo
2 M1+ My

lvi — V»||? is the heat dissipated in the damper.
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Kinetic energy

Generalization toN masses.

M
M- . Mn-1
., ‘\ /
VN

VN-1
V3
L @
= ‘ M3
1 Mi M; 2
Skinetic = = HVi_VJ'H :
4i,je{1,zz,...,|\|} My +Mz+---+Mn
d .
KFL = aéakinetic = > FRw

1€{1,2,...,N}
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Kinetic energy

Kinetic energy is not an extensive quantity, it is not additve.

Total kinetic energy # sum of the parts.
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Kinetic energy

1 M M
Skinetic = = .

Vi —vi |
4 i,je{1.2,...N} M1 +Mz+---+Mn

Distinct from the classical expression of the kinetic energ

1
Sclassical = é Z M; HVi | ‘2-
1€{1,2,...,N}
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Kinetic energy

Reconciliation: My, 1 = o, Fyy1 = — (Fi+Fo+ -+ ),

—(R+R+-+FR)

measure velocities w.r.t. this infinite mass (‘ground’), tlken

1 Mi M; ,
4 Z M1+ Mo+ -+ My + M Vi — Vi)
i,je{1,2N,N41} VL 2 N N1
L 2
7 5 ) M~

1€{1,2,...,N}
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PORTS and TERMINALS




Energy transfer

One cannot speak about

“the energy transferred from circuit 1 to circuit 2~
or “from the environment to circuit 17,

unless the relevant terminals form a port.

Analogously for mechanical systems, etc.
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\ 4

Conclusions

Dynamical system= a behavior.
Interconnection = variable sharing.

Energy transfer happens via ports,
hence It involves action at a distance.

Interconnection is ‘local’,
power and energy transfer involve ‘action at a distance’.
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\ 4

\ 4

Conclusions

Dynamical system= a behavior.
Interconnection = variable sharing.

Energy transfer happens via ports,
hence It involves action at a distance.

Interconnection is ‘local’,
power and energy transfer involve ‘action at a distance’.

Electrical ports < KCL.
Mechanical ports < KFL.
New expression for kinetic energy, invariant under UM.
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vV Vv

\ 4

v vVvYy

Conclusions

Dynamical system= a behavior.
Interconnection = variable sharing.

Energy transfer happens via ports,
hence It involves action at a distance.

Interconnection is ‘local’,
power and energy transfer involve ‘action at a distance’.

Electrical ports < KCL.
Mechanical ports < KFL.
New expression for kinetic energy, invariant under UM.

Terminals are for interconnection,
ports are for energy transfer.
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Copies of the lecture frames will be available from/at

Jan. Wl | ens@sat . kul euven. be

http://ww. esat. kul euven. be/ ~jw | | ens

Thank you

Thank you

Thank you
Thank you

Thank you

Thank you

Thank you

Thank you

—n. 69/6¢



	small �b {�lack Theme}
	small �b {�lack Theme}

	small �b {�lack Features}
	small �b {�lack Features}

	small �b {�lack Example: A `quarter car'}
	small �b {�lack Example: A `quarter car'}

	small �b {�lack Open systems}
	small �b {�lack Open systems}

	small �b {�lack Interacting systems}
	small �b {�lack Interacting systems}

	small �b {�lack Motivation}
	small �b {�lack Electrical circuit}
	small �b {�lack Electrical circuit}

	small �b {�lack Mechanical device}
	small �b {�lack Other domains}
	small {�lack Contrast with} �b {�lack input/output systems}
	small {�lack Contrast with} �b {�lack input/output systems}

	small �b {�lack KVL and KCL}
	small �b {�lack KVL and KCL}

	small �b {�lack Examples}
	small �b {�lack Examples}
	small �b {�lack Examples}
	small �b {�lack Examples}

	small �b {�lack Interconnection of circuits}
	small �b {�lack Interconnection of circuits}
	small �b {�lack Interconnection of circuits}

	small �b {�lack Preservation of properties}
	small �b {�lack Interconnection of 1-D mechanical systems}
	small �b {�lack Other terminal types}
	small �b {�lack Sharing variables}
	small �b {�lack Sharing variables}

	small {�lack Contrast with} �b {�lack signal flow graphs}
	small �b {�lack Energy as an extensive quantity}
	small �b {�lack Energy as an extensive quantity}

	small �b {�lack Energy as an extensive quantity}
	small �b {�lack Energy as an extensive quantity}
	small �b {�lack Energy as an extensive quantity}
	small �b {�lack Energy as an extensive quantity}
	small �b {�lack Energy as an extensive quantity}

	small �b {�lack Ports}
	small �b {�lack Ports}

	small �b {�lack Ports}
	small �b {�lack Dissipation into heat}
	small �b {�lack Examples}
	small �b {�lack Examples}
	small �b {�lack Examples}
	small �b {�lack Examples}
	small �b {�lack Are ports common?}
	small �b {�lack Are ports common?}
	small �b {�lack Independence}
	small �b {�lack RLC circuits}
	small �b {�lack RLC circuits}

	small �b {�lack Positive realness}
	small �b {�lack Positive realness}

	small �b {�lack The behavior}
	small �b {�lack The behavior}
	small �b {�lack The behavior}

	small �b {�lack Interconnection}
	small �b {�lack Mechanical ports}
	small �b {�lack Power and energy}
	small �b {�lack Examples}
	small �b {�lack Examples}
	small �b {�lack Examples}
	small �b {�lack Electrical and mechanical synthesis}
	small �b {�lack Electrical and mechanical synthesis}
	small �b {�lack Electrical and mechanical synthesis}

	small �b {�lack Electrical-mechanical analogies}
	small �b {�lack Electrical-mechanical analogies}

	small �b {�lack The inerter}
	small �b {�lack Electrical-mechanical analogies}
	small �b {�lack RLC and SDI}htwo 
	small �b {�lack RLC and SDI}htwo 

	small �b {�lack Relevance of passive synthesis}
	small �b {�lack Relevance of passive synthesis}

	small �b {�lack Hazards of active suspensions}
	small �b {�lack Success of passive suspensions}
	small �b {�lack Success of passive suspensions}
	small �b {�lack Success of passive suspensions}

	small �b {�lack Back to the mass}
	small �b {�lack Kinetic energy and invariance under uniform motions}
	small �b {�lack Kinetic energy and invariance under uniform motions}

	small �b {�lack Kinetic energy and invariance under uniform motions}
	small �b {�lack Kinetic energy and invariance under uniform motions}

	small �b {�lack Dissipation into heat}
	small �b {�lack Kinetic energy}
	small �b {�lack Kinetic energy}
	small �b {�lack Kinetic energy}
	small �b {�lack Kinetic energy}

	small yb {�lack Energy transfer}
	small yb {�lack Conclusions}
	small yb {�lack Conclusions}
	small yb {�lack Conclusions}

	 

