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Abstract: Problem statement: This study presented a jointly application of bgndph technique and
wave-scattering formalism for a new realizationlezhlscattering bond graph model which has the
main advantage to show up explicitly the differemve propagationApproach: For that, we
proposed to find the scattering matrix from thesadudond graph model of a low-pass filter based on
Microstrip lines and with cut-off frequency 10 GHehile starting with determination of the integro-
differentials operators which is based, in theitedmination, on the causal ways and causal algebrai
loops present in the associated bond graph modeiwdmich gives rise to the wave matrix which
gathers the incident and reflected waves propagaifothe studied filterResults: The scattering
parameters, founded from the wave matrix, will heaked by comparison of the simulation results.
Conclusion: Thereafter, we use a procedure to model direciky shattering matrix under a special
bond graph model form often called “Scattering B&@rdph Model”.
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INTRODUCTION systems. These representations are based on the
identification and the idealization of the intriosi
The scattering or the wave-scattering formalismcharacteristics of the physical environments andhen
(Paynter and Busch-Vishniac, 1988) was used in vastructuring of a complex physical system in the
physique fields such as the characterization of thaetworks form (Belevich, 1968). Moreover, in
electric circuits. physics, the analogies theory allows bondyraph
Several work, since the invention of the bond frap technique (Di-Filippoet al., 2002) to generalize the
approach (Di-Filippoet al., 2002), showed that the representation networks with all the traditionaygibs
scattering formalism (Newton, 2002) constitutes arfields of the systems with localized and/or disitéx
alternative approach for the physical systems ninglel (based on Microstrip lines) parameters (Byreesl.,
(Kamel and Dauphin-Tanguy, 1993). They pointed outl999).
on the one hand some properties and in partictlar t The propose of this study is to present and apply
orthogonality of wave matrix (Magnusson, 2001)new extraction method of the scattering parameters,
respectively the scattering matrix (Ferrero andIBjr which constitute the scattering matrix, of any pbak
2006) which respects intrinsically the causal fefet  systems while basing on its causal and reduced bond
and includes explicitly the conservation laws (Rede,  graph model (Taghouti and Mami, 2009).
2003). They showed in addition that the scattering At first and after having to present the method, w
representation exists for systems having neithepropose to use the causal bond graph model of a low
impedance nor admittance such as the junctions gfass filter based on Microstrip lines (distributed
Kirchhoff, the gyrateurs and the transformers (Blatr elements) (Trabelsét al., 2003) to find, on the one
and Adrien, 2008). hand, the integro-differentials operators (Khagfeair
In addition, the bond graph language (Di-Filigpal., and Khachatryan, 2008) which based on the causal
2002) is based on a graphic representation ofligsigal  ways and algebraic loops present in the causal bond

Corresponding Author: Hichem Taghouti, Laboratory of Analysis and Comnma8gstems,
Department of Electrical Engineering, National Erggiring School of Tunis, P.O. Box 37,
1002 Tunisia Tel: + 216 99 97 75 32
631



Am. J. Engg. & Applied i, 3 (4): 631-642, 2010

graph model and, on the other hand, to extractvnee  scattering. These three subsystems (source, qoéalrip

matrix (Magnusson, 2001) from these operators. (Q) and load) are inter-connected and communicate

Then, we extract directly the scattering paranseterbetween them by the means of a power transfer which
(Newton, 2002) from the found wave matrix is done in a continuous way from the source todhd
(Magnusson, 2001) and, at the aim to validatedbed  as Fig. 1 indicates it.
results; we make a comparison by the simulation of It is considered that the process, in its quadkipo
these scattering parameters under a simple prograim form, is in complex form and can be decomposed to
under the classic techniques of conception andubsystems which are connected by the intermedfary
simulation of the microwave circuits by using th®-H the wave-scattering variables (Paynter and Busch-
ADS software (Vendelimt al., 2005). Vishniac, 1988) as Fig. 2 indicates it.

Finally, we propose to build a special form of on The incident and reflected waves distribution,
graph model often named “Scattering Bondwhich is propagated from the source towards the loa
GraphModel” (Kamel and Dauphin-Tanguy, 1996) through the quadripole Q, can be translated by tixna
which able to highlight these transmission andceséfin ~ representation of the wave scattering variabiles |
coefficients (Scattering parameters) (Duclos andrig. 3 indicates it, where W is the wave matrix.

Clement, 2003). Let us consider the two processes A and B with

share where the signal entering B is directed m th

Extraction method of the scattering parameters: The  same direction as the outgoing signal of process A,

new extraction method of the scattering parametersimilar way, the outgoing signal of B is in the sam

(Newton, 2002) is an analytical method which makes direction as the signal entering a as Fig. 3 ind&it. If

possible to establish, for a linear complex systdm, these two processes are coupled, the assumptithe of

scattering relations between a fixed entry and.exitpower continuity (Paynter and Busch-Vishniac, 1988)

However, this method implies the succession of thewill imply:

following stages:

A = bg 1)

» Decomposition of the system (causal bond graph
model) in subsystems (causal bond graph suby
model) put in cascades which are characterized by*
their respective wave matrix (Magnusson, 2001) A

* Calculating the total wave matrix (Magnusson, - .

2001) of the whole system by carrying out the S"}Jf“ : QHQ‘EPOE _<>_ L;ad

product of the elementary wave matrices i b,

e Finally, the application of a linear transformation
to this total matrix for extracting the scattering gig 1. complex system representation with the wave
parameters (scattering matrix) (Newton, 2002) scattering variables
characterizing the complex system

A~ &p 2

The step that we propose was thought in this | L= iy .aﬁ_ifl -
objective and consists in establishing a systematic 2, S Process " Process 3
method which  binds the bond graph techniguie (D i B r
Filippo et al., 2002) to the wave-scattering formalism Q) @ | | @ P
(Paynter and Busch-Vishniac, 1988). This method is s, an
based on an algebro-graphic procedure (Amara anc ‘;:b_s ;;: .ffmzaj;

Scavarda, 1991) which uses the causal ways notions

and the Mason’s rule (Bolton, 1999) applied to aFig. 2: Wave scattering representation on the
causal bond graph transformed and reduced (Taghouti decomposed quadripole Q

and Mami, 2009).

4—— pProcess [€— Process |€——------ ~€—— Process [|[——
Wave-scattering decomposition and representation () * N e | 5 e
of complex system: Generally, we can represent any B Ty [ ) Ga=n (a=) .
complex system functioning in low or high frequency — ™ ™ >~ ">~ — "

by the following model of the Fig. 1 where the @ss
is represented by the quadripole Q with differeavev  Fig. 3: Representation of the wave scattering ée@
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The g and & quantities entering the A and B

processes are called incident waves in the same wa

the quantities  and Iy associated with the signals

., 3(4): 631-642, 2010

oL el

a
b

a
b

Wll W12

(10)

W21 W22

leaving the A and B processes are called reflected

waves (Duclos and Clement, 2003).

&
The scattering parameters are given by the

Classically, we express the power circulating in afollowing scattering matrix:

bond and connecting two systems in the shape of

product of the two variables effort (noteg):and flow
(noted: ¢) in reduced form (Amara and Scavarda,
1991):
a)_(n)

P= e N S s =€ 0. 3

(3] (23] w0 @
a+h) _(a-b)

i - =c ¢ 4
EEINRETE) o

So we can introduce the following linear
transformation:

g 1|1 14 a

== =H 5
L’i} ‘/E[l _]]LJ {h} ©

The linear opposite transformation of the H

b,
b,

Su
S

S,

11
S, (11)

R

The relations between these matrixes are given by
these following equations:

W, =-S5, *S,,
W, =S;;
W,, =-S,-S,*S,,*S;,
W,, =8, *S;;

12)

S = Wy, *W,,
SR
S, = W, - W21*W12*W_212
S, = W21*W;;

(13)

Wave scattering parameters and causal bond graph

transformation allows the passage of the intrinsiGyoqe: It is considered that the process, in its quadruple

variables effort and flowse($) with the wave variables
(a, ) as the following relation indicates it:

o=l Aa

with 2-ports of entry and exit whose wave matriaes

1

J2

g
b,

§

o

§

6
o (6)

The processes A and B constitute two processes

e <l
a| [wh W B,
Fﬂzpﬁ W?ﬂﬁ} ®)
a’] [wh wi| b

The chain of n processes with 2-ports of entry and

exit, like Fig. 3 indicates it, constitutes a preseavith
2-ports of entry and exit where the global waverirat
W is:

W = W® >\ B)* (9)

So:
633

form and which inserted between two particular port
P, and B which represent respectively the entry
(source) and the exit (load) of the complex systam

be represented by the following bond graph model
transformed and reduced such us:

g1 and g, are respectively the reduced variable
(effort) at the entry and the exit of the system

¢, and ¢, are respectively the reduced variable
(flow) at the entry and the exit of the system

Effort
.= 14
g R (14)
¢, =flow* R, (15)

These are the reduced Effort (e) and Flow (f) with
respect to R(scaling resistance).

and to establish the output-input analytical relasi the
bond graph model of the studied system must be
transformed, reduced and especially be causal since
these relations rest on the concepts of causal amay
causal algebraic loops which can comprise the edluc
bond graph model.



Am. J. Engg. & Applied i, 3 (4): 631-642, 2010

c

(e
&2 “1 €9
—>
—_— Port 2 Portl ﬁ' Process ﬁ{ Port 2
<

? ) P4 P,
Fig. 4: The reduced bond graph representation Fig. 6: Effort-flow causality affectation
gl 82 &
<+
Port] ——— b——— Port 2 Portl | > -
’ )
(P‘ (PZ 1
Fig. 5: Flow-effort causality affectation Fig. 7: Flow-flow causality affectation
The causality assignment to the reduced bond
y d AH = H11H 27 HlJ-I 21 (20)

graph model of Fig. 4 enables us to notice thay Hre
four different cases of causality assignment inuthp .
output of the process (Amara and Scavarda, 1991). Reduced bond graph model with effort-flow
For each type of reduced and causal bond grapfRusality (Case 2): The causality assignment on the
model given below, we will have one matrix which model of Fig. 4 makes it possible to find the seton

connects the reduced variables to the integrof@se (Case 2) given by Fig. 6 whose bond graph imode
differentials operators H is with effort-flow causality. From this model, we

From each matrix, we can deduce thededuce the H matrix of integro-differentials operat

corresponding wave matrix by referring to the Ege5 and his corresponding wave matrix W:
and 10.
These wave matrices can give us the correspondinE@l] :(HM le](sl] 1)
scattering parameters by referring to the Eq. iBtha £ H,, H,\o,
following equations:

2

& 1|1 1j4a 1-H,+H,-AH 1-H,—H,+AH
:T 1 -1 (16) 2H,, 2H,,
b, 2 b, W= (22)
1+H,+H,,+AH 1+ H,-H,—-AH
g, :i 1 1|4, (17) 2H,, 2H,
-0,| 2|1 -1|b,

Reduced bond graph model with flow-flow causality
Reduced bond graph model with flow-effort (Case 3): The causality assignment on the model of
causality (Case 1): The causality assignment on the Fig. 4 makes it possible to find the third casesg8)
model of Fig. 4 makes it possible to find the ficetse given by Fig. 7 whose bond graph model is with flow
(Case 1) given by Fig. 5 whose bond graph model iflow causality.
with flow-effort causality. From this model, we deduce the H matrix of

From this model, we deduce the H matrix ofintegro-differentials operators and his correspogdi

integro-differentials operators and his correspogdi wave matrix W:
wave matrix W:

€ |2 Hy Hy | ¢,
e e an (2 e &

1-H,+H,-AH -1+H, - H,,-AH -1+ H,, - H,,+AH 1-H,+H,,—AH
2H 2H 2H 2H
W = 21 21 (19) W = 21 21 (24)
-1-H,+H,-AH 1+ H,- H,,—AH 1+ H,+H,,+AH 1+ H,—H,,-AH
2H,, 2H,, 2H,, 2H,,
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Reduced bond graph mode with effort-effort MATERIALSAND METHODS

causality (Case 4): The causality assignment on the o ) ) .

model of Fig. 4 makes it possible to find the fourase ~ Application to a low-pass filter based on microstrip

(Case 4) given by Fig. 8 whose bond graph masgel lines: In this paragraph, we will try to apply and check

with effort-effort causality. the procedure described previously to a low-pdssr fi
From this model, we deduce the H matrix ofwith distributed elements (based on Microstrip $ne

integro-differentials operators and his correspogdi like Fig. 9 indicates it.

wave matrix W: This filter is a Tchebychev low-pass with order 4
and having the following characteristics:
0 Hy, Hpylfe
[ 1] =[ " 12][ 1] (25) . cut-off frequency () 10 GHz
4)2 H21 H 22 € 2 T LT _
e Sensibility: k = 0.5
. Attenuation: Amax = 0.1dB, Amin = 20dB

-1+ H, —H,,+AH 1- H,- H,,+AH

W= 2H,, 2H,, 26 The bond graph model of this studied filter isegiv
| -1-H,-H,-AH 1+H,-H,~AH @) by Fig. 10.
11 22 11 22
2H21 2H21

Extraction of the scattering parameters from the
) ] . ) ] bond graph model: So that, to extract the scattering
need to use the Eq. 13. new extraction method which is described previausly

We note that | are the integro-differentials \ye myst transform the bond graph model given by
operators which are based, in their determinationthe Fig.10 into a causal bond graph model often named

causal ways and algebraic loops present in theiassd reduced bond graph model like Fig.11 indicate it

bond graph model (Amara and Scavarda, 1991): (Amara and Scavarda, 1991; Taghouti and Mami, 2009)
only containing the reduced variables with respect

G, A . . - .

H; =Z::1 kAk (27)  scaling resistance (Rlinternal source resistance) such
us:

A=1-YL +YLL -3LLL, +. (28) —R *c (29)
Where: L
A =The determinant of the causal bond graph T, =—- (30)
Hj = Complete gain betweendhd R 0
P, = Input port
P = Output port
N =Total number of forward paths betwegmid

Pj \\\\\ Term
G« =Gain of the K forward path between Pi ang P e
L; =Loop gain of each causal algebraic loop in the 7 . -

bond graph model Batroes
LiL; =Product of the loop gains of any two non- = I =

TanD=0
Rough=0 mil

touching loops (no common causal bond)
LiLjiLx =Product of the loop gains of any three pairgig. 9: The low-pass filter with Microstrip linesia its

wise nonteaching loops tow ends Pand P
Ay =The cofactor value oA for the K" forward
path, with the loops touching thd' forward I ce

path removed; i.e., Remove those parts of the
causal bond graph which form the loop, while |
retaining the parts needed for the forward path| = *¢ ’ 2

Source Load

! <, _— | l
—P g T - I L1 -3
Portl ﬁ' l__/' Port 2 20-sim 4.1 viewer (¢) CLP 2009

P4 P2

Port 1 Port 2

P2

o

R

Fig. 10: Causal bond graph representation of ther fi
Fig. 8: Effort-effort causality affectation with its ends
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zi: The reduced equivalent impedance of the i
element put in series
yi: The reduced equivalent admittance of the i
element put in parallel

So we have:
z, =1,*P (31)
Z,=T,*P (32)
Y, =T,"P (33)
Y, =T,*P (34)

p: Laplace operator.

The bond graph model given by Fig. 11 can be

broken up into tow cells (sub-model) put in casdade
while respecting the assumption of the power coittin
(Paynter and Busch-Vishniac, 1988) between all sub
models.

Each cell is made up with an impedance z in
parallel with an admittance y often noted [z--if]the
studied filter is with T form, or [y---z] if the stlied
filter is with M form (type).

So we have the first sub-model given by Fig. 12,
this model is in conformity with case 1 described
previously. So we have the integro-differentials
operators by taking account to the previously equoat

1 : Loopgain of the algebraic loo
1

L, =

1

A=1+

:Determinantof the associated causaldgrapt
Zl yl

Zl
2y, * 1
_ 1
Czy, +1
_ 1

Zlyl +
N
- z1yl+1
_ 1
zy, +1

Hll

12

o :Theall integro- differentials operatol

22

AH
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20-simd 1 Viewer (c) CLP 2009

Fig. 11: The transformed and reduced causal bond
graph model

51
o —
—

Z

Py

A1l

51
«—
—

@, P

20-sim4.1 Viewer (c) QLP

Fig. 12: The first causal bond graph sub-model

A1E

g
«—
—>

L1

20-5im 4.1 Viewer (¢) CLF Zsvesennid

Fig. 13: The second causal bond graph sub-model

From these operators, we can deduce directly the

wave matrix W” of the first sub-model of Fig. 12 by
taking account to equations of case 1:

1 ZY, -z -Y,t2 —zytzty,

2
2, Tty Zy,tz;ty,

w9 =

and now we have the second sub-model given by
Fig. 13 and in the same manner we can extract the
second wave matrix ¥ such us:
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1 : Loopgain of the algebraic loo
2

L,=

2

A=1+ : Determinantof the associated causaldgraph

2Y,

ZZ
ZZyZ + 1
_ 1
Cz,y,+1
_ 1

ZZyZ +
=_ Y2

Z,y,+1

-1
Z,y,+1

Hll

12

” : Theall integro- differentials operatc

22

AH =

and the second wave matrix is:

2,Y,~2,~Y,* 2 ~LY,t Z,+ Y,

w® =1
2| —zy. -7+ Y.+ 2+
22y2 22 y2 2y2 2 y2

The total wave matrix W is given by the product
of the first and the second wave matrix such us:

|

So the corresponding scattering matriX B given
below:
l}
22

) :[

From this matrix we can deduce these following
scattering parameters:

Wll W12

WD = WOy @ :{ (35)

W21 W22

1% — * * =
W22 W12 w 11 w 21 w 12W (36)

-1 _ * 4 1
W22 W21 22

2,Z,Y,Y,* ZlyZ(yl_ Zz)+ Z1(y1_ \rn I+
Zz(Y1 + y2_1)+ Vit Y,
d(p)

Su= (37)

51 :% :i
© dp)

(38)
The Fig. 11, represent the reduced bond grap
model of the studied filter before decomposition.
The Fig. 12 and 13 represent respectively the firs
and the second sub-model of the studied filtery toe
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given by the decomposition of the reduced bond lgrap
model of Fig. 11 at the appropriate bond (place).

“Z,2,Y,¥,* Zlyz(yl_ Zz)+ Zl(yl_ \re 1~
— Z,(y tY,~D+y +y, 39
S o (39)
dP)=-z2zZ Y Y.+ 2Y, i~ Z}F z (%,* Z,) (40)

+(y, +ylzl+ z2+ zW z2%F yt yz 21

RESULTS

Thus, the validation is carried out by simulate th
scattering parameters of Eq. 37-39.

Simulation results and checking: A simple
programming of the following scattering parameters
equations, give the Fig. 14-17 which represent
respectively the reflexion and transmission coégdfits

of the studied filter:

TeleTul i +H Tl eT e TP +
[Tea(To T + 1T, T L])]PZ +
S,= (Tc1+Tci_TL1_TL2)p .
TeleTuT i +TLTe Tt T )P +

(TCI + TCZ)(T L2 +T Ll)F>2 + (T Cl+ T c2

(41)

+T, FTL)PH2

Tl TulP +TuTeTo TP +
[TeoT = T) —TeT+T LJ)]P2 +
S, =(Tc1+Tc2_TL14_T|_2)p .
Teeo TP +TuTe Tt T )P +
T+t T L+ TP + [Tt Te,

T T )P 2

(42)

S, (dB)

h

|

t e
9 10 11 12 13 14 15 16 17 18

Frequency (GH,)

L —
19 20

Fig. 14: Reflexion coefficient Sisken at entry
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to exit
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17: Reflexion coefficient SZ®en at exit

2
4 3
TClTCZT LlT L2p T LlT CZ(T Cl+ T L2)p +

(Tc1 + TCZ)(T Ll+ T L2)P2 + (T C1+

(43)

TC2+TL1+TL2)p+ 2
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Fig. 19: Simulation results of the low-pass filter

_ 2
- 4 3
Teleo Ty TP 1,1 cz(T att L2)p +

(TCl +TC2)(T Ll+ T L2)P2 + (T C1+

(44)

S

TC2+TL1+TL2)p+ 2

We notice that the reflexions coefficients: 8nd
Se2 are equal in module. This result is also checked by
the figures below:

Sy FIS, (45)

To validate and checked the found results, by
simulation, it is enough to simulate the low-pai#ierf
of the Fig. 18 to find the representative curveghaf
reflexion and transmission coefficients respectiva|
and § by the HP-ADS software (Advanced Design
System) (Jansen, 2003) often used in microwavetand
is regarded as a traditional method in the linbkoty
(Magnusson, 2001).

The Fig. 18 thus represents the system's model
studied with adapted entry and exit and the nurakric
values of its elements necessary for simulation.

The simulation of the low-pass filter above gives
the graphical representation of the reflexion and
transmission coefficients;&nd § (i#jand i, j = 1...2)
according to the frequency like Fig. 19 indicate it
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By observing Fig. 19 and Fig. 14-17, we can say Thereafter we seek for the new matrix S' its
that our method of extracting the wave matrix fram development in continuous fraction in alpha-beta
reduced bond graph model is validated becausevét gi starting from the Routh method (Shamash, 1980) and
us the same simulation resullts. build the corresponding bond graph model, sinds it
about a multivariable system (Molisat al., 2002)

Modeling of the scattering parameters with bond while being based on the systematic procedure

graph technique: We noted that we will use the
method which is developed by Kamel and Dauphin-
Tanguy (1993; 1996).

Procedure used to model the scattering matrix by
the bond graph technique: The scattering matrix of
our studied process is a 2-2 matrix having a pagic
form whatever the expressions complexity of theéeser
impedance or parallel admittance; it is orthogmiate
the process is considered without loss and it adthi
following general form:

R A
21..n 1 2 N 1
oo [P+ tf P+ .+ (46)
ad+a,p + .+ ao
We note that:
dp)=gF+a,f"'+ .+ g (47)

Indeed, if we consider the scattering matrix form
found above for the process alone, we can sayittigat
not a true transfer matrix (Belevich, 1968) moreaoie
is not in the adequate form since its various S
parameters and sometimeg Save the numerator’s
degree equal to that of denominator and that pases
major problem to determinate the scattering borgblgr
model of any physical system studied in a geneeal.w

The solution with this problem is to regard the
scattering matrix of a process as a transfer métoix
an input-output point of view, connecting the iremd
and the reflected waves in a symbolic system form.

We start by carrying out an Euclidean division of
each term of the numerator matrix (scattering

parameters) by the common denominator d(p) what
leads to the new shape of the scattering matrix

(Breedveld, 1985) such as:
S=S% D (48)
S)
numerator at most one less than that of d(s)
Direct transmission matrix:

|

D

:

d,
d,

d,

. (49)
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The new scattering matrix with degrees in the

according to:

Calculate thea-Routh table from the common
denominator d(p) and th@Routh table from the
new numerator of the 8natrix

Construct the direct chain by using the adequate
number of elements I-C (whiahi coefficients are
their modules) in integral causality, equal to the
degree of d(p)

Duplicate this chain and construct the two entries
of the quadruple

Construct the tow outputs by using information
bonds and a sufficient number of TF and GY
elements whose modules are precisely the
B! coefficients

Add the direct part (transmission matrix D) by
using information bonds

To obtain the scattering bond graph model of the
physical system, it is enough to add the reflexion

coefficient Ry = -1 of the source and the
Zo+1

of the load to the

reflexion coefficientp, =2 -1

zZ +
scattering bond graph model of the process to the
adequate sites

Scattering bond graph model of the low-pass filter:
To obtain the scattering bond graph model of the
studied circuit, it is enough to add the reflexion

! of the source and the reflexion
20 +1

coefficient Ry =

coefficient P, = 1of the load to the scattering bond

Z
graph model of the process to the adequate skes li
Fig. 20 indicate it.

It is interesting to notice that the structuretioé
scattering bond graph of the process remains time sa
whatever the degree of the common denominator of
scattering matrix. The only thing that changeshis t
corresponding number of | and C linked to tite
Routh expansion (Kamel and Dauphin-Tanguy, 1993;
1996).
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20-sim4.1 Viewer c) CLP 2009
Fig. 20: Scattering bond graph model of the lowsgdger connecting to its source and load

s - 20, T, TP+ 2, T, P+ 2€,+T,, )pF 2 (50) The algjoha-beta coeﬁicients are then:
Tc1rc2T Llr Lp‘l T LlT CZ(T Cl+ T L?)p3 + (T Cl+T C) From (p) we have.

(T, +TL1)P2 (T Tt T, +T,)pt 2

a,,0,,0,andx,

S = 2 (51) From S;; we have:
127 4 3
TClTCZT LlT L2p *T LlT CZ(T Cl+ T LQ)p + (T C1+ T C) 11 pll p 11 11
2 1'F2F3 anq34
(TL1+TL2)P +(TC1+TC2+TL1+TL2)p+ 2

From S,,= S'>;1 we have:

s, = 2 52
A L T D AT T (T 4T S+ (T +T (52) 12 n12 Q12 1212 21 2.0 2
el Tt P L1 cz( c1 Lz)p ( c1 c) 1P P and31 B3 =P an@4—Bl
(TLl +TL2)P2 + (TC1+ TC2+TL1+TL2)p+ 2
From S,,we have:
S, = 20, T TP + 20, TP+ 26,41, )pr 2 (53) 22 22 0 22 »
Telea Tt sz4 FTLT (Tt T L2)p3 +([TtTe) 1Bz By andB,
(T, +T )PP+ (Toy + To, + T, +T,,)p+ 2
L2 L1 C1 c2 L1 L2 DI$U$TION
D{l 0} (54) We sought to highlight the incident and reflected
0 - waves and their propagation on a bond graph called
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