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Abstract—In this paper the Power-Oriented Graphs (POG) of application of the POG graphical technique can be found
technique is introduced and its basic graphical properties are in [3], [4], [7], [8] and the inside references. Examples of

compared with those of the Bond Graph (BG) technique. The two pypiq automotive systems modeled using the POG and BG
technigues are based on the same concepts, are equivalent from

a mathematical point of view and use two different graphical techniques are given in [9] and [11], respectively.
representations for modeling physical systems. The BG schemes
are quite compact and more flexible in the exact description of Il. THE POWER-ORIENTED GRAPHS TECHNIQUE

all the power connections_ within the system. T_he POG schemes The BG, POG and EMR graphical techniques usePtwer
are easier to use for beginners and use vectorial compact forms o Energyvariables as basic concepts for modeling physical
when the system complexity increases. The paper ends describing . . . :
some “dissipative” properties of the POG state space models. systems. Thlsa_nergetl_c approachs useful for modeling be-
cause all the dissipative physical systems are charagteby
|. INTRODUCTION these properties: 1) a system alwateres and/or dissipates
The Bond Graphs (BG) [1], [2], the Power-Oriented Graphanergy 2) the dynamic model of a physical system describes
(POG) [3], [4] and the Energetic Macroscopic Represematitiow the energy movesithin the system, 3) the energy moves
(EMR) [5], [6] are graphical modeling techniques that use dnom point to point only by means of twpower variables
energetic approactior modeling physical systems. The basic The two POG basic blocksthe POG technique uses only
concepts of the energetic approach were firstly introductgo basic blocks for modeling the physical systems, seelFig.
by H.M. Paynter in the early-sixties together with the basic a) the elaboration block (e.b.) is used for modeling all
“bond” graphical notation, see [1]. In the last fifty year® ththe physical elements that store and/or dissipate energy (i
BG technique has been deeply studied, largely developed amilings, masses, dampers, capacities, inductancedaness,
applied to a very large number of different physical systemstc.). With this block it is possible to model all the 1-port
see [2] and the inside references. The key element of the B&ments (capacitors C, inertias | and resistor R) useden th
is the use of a graphical notation which is quite compa8G technique. The summation element at the top of the block
and flexible in representing the power connections, but issuitable for modeling all the 3-port connection eleméfts
not easy to use for beginners and this aspect has someljonctions and 1-junctions) of the BG technique. The blaak sp
“limited” the wide-world diffusion of this good technique.within the summation element represents, when is present, a
The POG technique, introduced in 1991, is based on the samiaus sign that multiplies the entering variable. The edn c
energetic approach of the BG technique, but it uses a differde scalar or vectorial and for linear systems maftexs) is
graphical notation (i.e. simple block diagrams) for modigli always a square matrix of positive real transfer functions.
the physical systems. The POG block schemes are easy tb) the connection block(c.b.) is used for modeling all the
use, easy to understand and can be directly implementedphysical elements that “transform the power without losses
Simulink. For these reasons the POG technique can bdi.a. neutral elementsuch as gear reductions, transformers,
useful tool for promoting the use of the energetic approaéc.). This block models all the 2-port elements (transtmsnm
also between beginners and young researchers. The EMR B3 gyrators GY, modulated transformers MTR and modulated
graphical technique introduced in 2000, see [5], whichrtyea gyrators MGY) of the BG technique. Also the c.b. can be
shows the power coupling among elements and the enegrpalar or vectorial. In the vectorial case matixcan also be
flux through the system without showing the mathematiced¢ctangular, time varying or function of other state vagab
details of the model. This technique is mainly focused on Power sections:the dashed lines in Fig. 1 represent the
giving rules for the automatic deduction of effective cohtr power sections which connect the two POG basic blocks with
schemes that can be implemented in real-time. A comparisitie external world. There are no restrictions on the choice
between the BG, POG and EMR graphical techniques can difethe vectorsx andy involved in each dashed line except
found in [8]. In this paper the main concepts of POG modelinge fact that the inner producik,y) = x"y must have the
are introduced and compared with those of the BG techniquehysical meaning opower flowing through the sectiorn
This comparison clearly shows that these two techniques uke following sections the basic concepts of how to model
two different graphical representations, but they arerdigdly physical systems using power variables are introducedfand t
“equivalent” from a mathematical point of view. Example®OG elaborationand connection blockswill be described in
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Figure 3. Structure oDynamic element®). and D and Static elemeng.

details and compared with the corresponding symbols usedpigsical Element Model vy — v. | Model v, — vy
the Bond Graphs technique. P
R r P
I1l. SYSTEM MODELING USING POWER VARIABLES v 11 © Ve 1< Ve,
. . . . . — | |
Energetic domains: the main energetic domains encoun- ‘ 8 o aee
tered in modeling physical systems are: electrical, meichhn | = } }
(translational and rotational) and hydraulic. Each ertgzge ° } PE v v
domain has its own couple of power variables, see Fig. 2. | s 7
Power variables:they can be divided in two groups: .—l Q Ve ve
1) the“across-variables” (i.e. voltageV/,, velocity x,,, angular 2 @ 0 —, 110
velocity w, and pressuré’,) which are definedbetween two
points P and 0" of the space: Figure 4. The two POG block diagrams used for graphically desche
P P P P mathematical model of the physical element PE. Two differergntations
® H w,]@ L correspond (depending on PE) to the integral and derivatiusality models.
vp[ x,)’ | b,
| ] | The dynamic/static elements and the energy/power vagable
0 0 0 0 for the considered energetic domains are shown in Fig. 2.

Mathematical structure of the physical elementsthe

2) The*“through-variables” (i.e. current/,, force £}, torque X X ,
dynamic elemenb, is characterized by:

7, and volume flow rate),) which are definedin each point

P” of the space: 1) an internalenergy variabley.(1);
p P P P 2) athrough-variablev(t) as input variable;
o— B— ®) o— 3) anacrogs—\'/ariableu?(t) as output variab_le; '
I Fy P Qp 4) a constitutive relationg. = ®.(v.) which links the

internal variabley, () to the output variable, (t);
5) a differential equationg.(t) = vs(¢) which links the
internal variabley.(¢) to the input variabley(¢);
The energyE, stored in thedynamic elemenD. is function
only of the internalenergy variabley.:

Dynamic structure of the Energetic Domainseachen-
ergetic domaings characterized by only 3 different types of
physical elements:

« 2 dynamic element®). and D; which store the energy

(i.e. capacitors, inductors, masses, springs, etc.); \

« 1 static elementR which dissipates (or generates) the , Y -

energy (i.e. resistors, frictions, etc.); Ee = /0 ve(t) vy (t) dt = / P17 (ge) dge = Ee(qe).
The system dynamics can be described using 4 variables: The dynamic elemenD; has a structure which igdual”

« 2 energy variablesy. and ¢y which definehow much respect to the structure diynamic elemenb., see Fig. 3. The

energy is storedvithin the dynamic elements dual structure can be easily obtained performing the faligw

« 2 power variablesv. and v; which describehow the substitutions:q.(t) — ¢(t), v(t) < ve(t) and . (v.) —

energy movesvithin the system. ®(vy). The static element® is completely characterized by
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Figure 5. Conventions for the correct definition of the sigrthe powerP. Figure 7. POG and BG graphical representations of a physleatent PE
with its power sections connectéa series see Fig. 6.a.
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a static functionv. = ®(vy) which links the input variable

vy to the qutput variable ., s.ete Fig. 3. . 4@);11\ 0 é;;, ;}11 0 Zf; ;Jf]b 0 Zf;
Conventions on the positive power flowsthe physical N vel#s rﬂ:) f
systems are composed by basic Physical Elements (PE) (ile. i ‘ '

dynamic elementsD. and D; or static elementR) which Fifs(vy) F:fe(ve) F:fe(ve)
interact with the external world by means of two terminals-(d
noted 1 and 2 in |:|g 4) each one characterized by two pOV\F&Ufe 8. POG and BG graphical representations of a physleatent PE

with its power sections connectéal parallel, see Fig. 6.b.
variables (.1, vy1) and (.2, vy2). ChooSINgve = Vo1 — Ve
andvy = vy = vz @s new power variables, it follows thatsymbolically represents one of the dynamic or static models
the power interaction of the PE with the external world caghown in Fig. 3. If the PE is a static element, i.e. if PER,
be described using only the power sectiBnshown in the both diagrams are suitable for describing the mathematical
left part of Fig. 4. The value of the powét flowing through model of the element. If the PE is a dynamic element, i.e.
the section is the product of the two power variables) if PE = D, or PE = Dy, the two diagrams represent the
and vg(t): P(t) = vc(t)vg(t). The sign and the direction two possible causality modes (integral and derivative)hef t
of power P(t) depend on the sign and the reference positivgnamic element: théntegral causality models physically
direction chosen for the variables(¢) andv(t). The POG realizable, useful in simulation and is the preferred dyicam
conventions used for a correct definition of the sign of th@odel in the POG technique. The othderivative causality
power P flowing through a physical sectiod-B are shown modelis still a correct mathematical model of the PE, but it
Fig. 5. The POG technique uses a small arrew’ tirawn in s not used in the POG technique because it is not physically
the vicinity of power section (i.e. the dashed line) to irrdé& realizable and it is not useful in simulation.

(when it is necessary) the positive direction of powerin Power sections in series and in paralleleach Physical
Fig. 5 are also reported the graphical symbols used by Bffement (PE) interacts with the external world through the
technique for describing the same conventions. power sections associated to its terminals. The two basiepo

Models with integral and derivative causalitythe dynamic connections of the physical element PE with the externaldvor
model of each physical element PE can always be graphicadlye shown in Fig. 6: a) the connectionserieswhen the two
described by using the block diagrams shown in the right paerminals share the same through-variable= vy, = vy9; b)
of Fig. 4. These diagrams correspond to the two possibla@-ori¢he connectiorin parallel when the two terminals share the
tations of the dynamic model of the PE; as input and. as same across-variable. = v.; = v.». Three different POG
output,v. as input and; as output. The functioyi(-) in Fig. 4 and BG graphical representations of a PE conneictesgries
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Figure 9. Four types of connections of two physical elemefisd@nd PE.  Figure 10. Two POG models (and two BG models) correspondingetd)
Series- Serie$ connection shown in Fig. 9

are shown in Fig. 7. The following considerations hold: Kirchhoff's -

1) All these graphical representations exactly descrike th , ™% R I I\\,>*;‘ > oy
mathematical model of the PE, but they have different model ~ 4~ 5@V~ iy k17
orientation, i.e. different choices of the input and output I3 c; /Vf,\ } ‘1' } 1 }
variables. In particular, the POG diagrams can be obtained v, T::} //K‘rchhoﬁs\\ Va } s \ = \
one from the other inverting one of the input-output pathe Th || votage law | | 5 } }
second POG diagram in Fig. 7, for example, is obtained from s /‘\\ Vi Y ,/i‘@‘ L
the first one inverting the path that goes fram to v, as o @ ® \1® - ———®?\ - /‘® ’
shown by the dashed blue lines. The third POG diagram is

obtained from the first one inverting the path that goes from Figure 11.  POG modeling of an electrical RC circuit.

ve1 t0 vpy @s shown by the dashed red lines. The first POG
diagram in Fig. 7 is the basic element for POG modeling all tibat in POG all the power sections share the same across-
physical elements and is called the P@f@boration block  variablev. and the adder involves only the through-variables.

2) The summation elements which are present in the pddoreover, in this case, the summation elements presentin th
block diagrams of Fig. 7 are a mathematical description 5CC block diagrams of,F|g. 8 are a mathematical description
the Voltage Kirchhoff's Law YKL) applied to theacross of t_he Current Klrchhoff§ Law((:K_L) applied to thethrough
variablesv,:, v.» and v, involved in theclosed pathwhich Variablesvyi, vy> andvy involved in the hodé correspond-
is always present when the PE is connected in series, i.e. {i@ {0 terminal 1 of the PE connected in parallel, see the red

green closed dashed path shown in Fig. 6.a. closed dashed line shown in Fig. 6.b. .

. . Power connections of two physical elementisvo physical
3) In Fig. 7 there is a perfect correspondence between thl%ments PE and P can be connected only though theirs
POG and the BG graphical representations: the BG “hal y 9

R " . , _terminals, i.e. through “the power sections” associatethéo
igr?gspcgr:;e;?gng S éo “F:n%Gdeﬁ)o::gn?;?dwn,j_t?ﬁeBg Gs,‘:[;c-ﬂs(zrie S1;erminals. The four possible ways of connecting two physica
symbol corresponds in POG to the fact that all the powee}ements PEand Pk are shown in Fig. 9. When two power

sections share the same through-variabjeand the adder sections are connected,fee_dback loop always arises the. .
) . POG graphical representation of the system. In Fig. 10 it is
involves only the across-variables.

shown, for example, two different POG mathematical models
4) Note that in the POG graphical representations of Fig.(gnd two BG models) that can be associated to theSjes

the across variablesre drawn in the upper side of the figure, geries connection shown in Fig. 9. Note that the second
while the through variablesare drawn in the lower side of poG model can be obtained from the first one by inverting
the figure. This is NOT a general rule for the POG graphicgle closed loop path (i.e. the dashed blue line) presenten th
representations. In fact, a POG block diagram can always &t POG model. One model can be preferred respect to the
rewritten upside-down or left-right switched without 1@u$ other depending on the causality orientation desired ftwo

its meaning and its graphical interpretation. physical elements REand PE. Also in this case it is evident
Similar considerations can also be done for a physical aiémé¢he perfect correspondence between the POG and the BG
PE connectedin parallel, see Fig. 6.b. In this case themodels: the PO@version of the internal pathorresponds to
three different POG and BG graphical representations of ttiee BGstroke inversiorof the path which goes frorfi to fs.
mathematical model of the PE are shown in Fig. 8. In thi& simple example of POG modeling is shown in Fig. 11 where
figure the BG “O-parallel” symbol corresponds to the faa C-parallel element is connected with an R-series element:
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this is a particular case of the “Bprallel - Serie§ connection | s | Ra |, | v | ) | | ap || fv }

shown in Fig. 9. Note the direct correspondence between the | 1 || ! b ™ | ! I ]!

power sections®, @ and @ in the system and the dashed | L3 | | aEzik } | e
power sections®, @ and ® in the POG scheme. Vi foobe e e prf =5 %<t Qo

Connection blocks: the physical elements can also be | WL Enery | o] ver | Erery | rycrauic | it

connected using real physical elements which redistribtite inductance _resistance CONVEISION ingrtia friction  COMVeTSion jeak - accumulator

power without storing nor dissipating energy (i.e. any type® @ ORO ® Chic ®

of gear reduction, mechanical levers, electrical tramséys, Figure 14. POG scheme of the DC motor with hydraulic pump of Fgy. 1
etc.). The BG technique divide theseutral elementsto two

categories: thdransformerswhich link the power variables system. The elememz,3 =-K, of matrix — A, for example,

of the same type (i.ev.o = mu.1, vs1 = muyo) and the s the gain of the path that goes from the third state vari&ble
gyrators which link power variables of different types (i.e.to the inputp of the second integrator. The elemént = 1

Vpy =T e1, Vf1 = T Ue2). The basic property satisfied by theof matrix B is the gain of the path that goes from the second
neutral elementss Py = v vp1 = veovpa = Pa, i.€. the input @, to the inputV of the third integrator.

input power flowP; is always equal to the output power flow pPOG state space modelfor linear systems, the general
P,. The POG and BG graphical representations of the basigite space model obtained from a generic POG scheme is
neutral elementsare shown in Fig. 12. From the figure it isgiven by eq. (2) in Fig. 15y is the output vectorL is the
evident that the POG technique uses only one type of blogkergy matrix A is the power matrix B is the input power
(i.e. the connection bloc for representing all the possiblematrix, C is theoutput power matriandD is theinput-output
types ofneutral elementshat can be found in real world.  power matrix The POG state space model can be graphically

Example of POG modeling:a DC motor connected with yonresented by the compact vectorial POG scheme shown in
an hydraulic pump is shown in Fig. 13. This system involv

three different energetic domains: electrical, mecharacal the left part of Fig. 15. This “compact graphical form” cabno
hydraulic. The corresponding POG graphical represemtatife obtained by using the Bong Graphs technique because

in shown in Fig. 14: the power sections present in the PO&du are, in the general case, effort-flow mixed vectors. For
scheme have a direct correspondence with the real physiggbOG linear system expressed in the compact form (2) the
sections. Lek =[1I, w,, Vp| be the state vector of the systemso|iowing properties hold1) the energy matridL is symmetric

i.e. the output variables of the dynamic elements. From tlﬁ%sitive definite: = L™ > 0; 2) the energy E, stored in the
POG scheme one directly obtains the following state Spagf?sten‘can be expressed ak: — %XTL x; 3) the dissipating

dynamic modelLx = —Ax + Bu: )
power P; in the systentan be expressed af; = x"A,x

La 00 ) L —Re —Km 0 Lo LOfry, whereA ; = (AEA ) is the symmetric part of the power matrix
0 J’m 0 Wm [ = K’m _b'm _Kp wm |+ 00 . . (A*AT)
0 0GCo||pA 0 K, —ap|| P 1 Qo (1) A; 4) the skew-symmetric pad,, = 5 of the power
—_— u matrix A represents thpower redistribution within the system
L x —A x B “without losses” i.e. P; = x"A,, x = 0. For system (1), for

where u is the input vector and.,, A and B are matrices example, we have thatf, = 1L,I2 + 3J,w2, + $CoP3,

that can be obtained by direct inspection of the POG schenty. = R, 12 + b,,w?2, + o, P and matrixA,, is function only

In the considered case matix is diagonal and its elementsof the connection parametefs,, and K,.

are the coefficients of the constitutive relatiors € L,1,, Transformed and reduced POG systema: POG system

p = Jnwm, V. = CyFp) of the dynamic elements of theexpressed in the compact form (1) can be transformed in
system. The coefficients of matricesA andB are the gains an equivalent POG system, see eq. (3) in Fig. 15, using a
of all the paths that link the state variablesand the input “congruent” transformationk = Tz where L = T'LT,
variablesu to the inputsé, w,,, V of the integrators in the A = T"AT, B = T'B, C = CT andD = D. The trans-



u+— E 8 , asz"Gz > 0 wherez = [x u", i.e. G > 0. WhenD =0, i.e.
Lx=—-Ax+Bu . .
{ (2) for strictly proper systems, from (4) follow€ = BT.

\ \
| |
=C D U . . . .
} § } Y x+Du Dissipative dynamic systemsa dynamic system given in
| D A I (x="Tz) the formx = Fx 4+ Gu, y = Hx + Du is a dissipative
} . } B o system(and therefore can be described in the POG compact
| L | Lz=-Az+Bu 3) form (2)) if and only if it exists a symmetric positive definite
v . { } y=Cz+Du matrixL > 0 s'u.ch that' the following matri®dI (or matrix N)
X is a semi positive definite matrix
Figure 15. POG block scheme of a generic dynamic system. _|LF -LG | FL -G
M = [H D >0 or N= HL D >0. (5)

formed system conserves the same properties of the origijlen the property holds, the POG compact form (2) is
POG system. Note that this “congruent” transformation db ngp5ined choosing = %, A = LF, B = LG andC = H (or

need the inversion of matriX'. When an eigenvalue of matrixy _ 1+ A — FL. B = @ andC — HL). This property is

L tends to zero (or to infinity), system (2) degenerates to®/argeep|y connected with the Kalman-Yakubovich-Popov lemma
a lower dimension dynamic system. In this case the reducggp"ed to dissipative systems. Note that wHBn= 0 the
and transformed system can be obtained using a "reCtanQU|i"f‘|requalities (5) reduce tBF > 0 andH = (LG) (or FL > 0
matrix T. Details of how the POG systems can be reduceg,qq — (HL)". B B

transformed and “input-output inverted” can be found in [9]

POG graphical rules: the POG schemes always satisfy IV. CONCLUSIONS
the following graphical rulesi) all the loops of a POG In this paper the POG technique has been introduced and
scheme contains an “odd” number of minus signs. of the its basic graphical properties have been compared withrethos
black spots in the summation elements). This rule is a dire@ftthe BG technique. The BG schemes are quite compact and
consequence of the fact that in the POG schemes a loop alwayge flexible in the graphical representation of the system,
appears when two physical elements are connected, se® Figvbile the POG schemes are easy to use, easy to understand and
and this loop contains at least one “minus sign” for letting t can be directly implemented in Simulink. Both the techni&jue
powers flows have the same positive directidhchosen two provide a exact graphical definition of the mathematical ehod
generic points A and B of a POG schenad, the paths that of the system. The two techniques can be useful for the
go from A to B contain either an “odd” number or an “even” synthesis of the control, but not in explicit and direct way.
number of minus signsThis rule follows directly from rule The POG technique is easier for the beginners while the BG
1; 3) the direction of the power flowing through a section i¢echnique is more suitable for expert peoples.

positive if an “even” number of minus signs is present along REFERENCES
one .Of the paths WhI.Ch goes from the input to the OUIpl_Jt of tﬂ? Paynter, H.M.,Analysis and Design of Engineering SysteM$T-press,
section Let us consider, for example, the power sectit Camb., MA, 1961.

of Fig. 14. The power flows from left to right because the ref@] D. C. Karnopp, D.L. Margolis, R. C. Rosember§ystem dynamics -

P I ; Modeling and Simulation of Mechatronic Systeridley Interscience,
dashed path that goes from B to A contains “zero” minus signs oo 0-471-33301-8, 3rd ed. 2000.

(i.e. an even number) . The same result is obtained consglerjs) R. zanasi, “Power Oriented Modelling of Dynamical Systéon Simula-
the left part of section®: the power flows from left to right  tion”, IMACS Symp. on Modelling and Control of Technologicgystem,

i~oLille, France, May 1991.
because the blue dashed path that goes from Ato B Conta[ll]sZanasi R., “Dynamics of a-links Manipulator by Using Power-Oriented

“one” minus sign (i.e. an odd number). It is evident that rule’ Graph”, SYROCO '94Capri, Italy, 1994

3) makes “optional”, in the POG scheme, the use of the powi&F A. Bouscayrol, B. Davat, B. de Fornel, B. Franois, J. P.uti,

arrow “-" drawn in the vicinity of the power sections: this F Meibody-Tabar, M. Pietrzak-David, “Multimachine Multioverter
System: application for electromechanical drives”, Eur.dis/Journal -

direction can always be determined by direct inspectiomeft  appl. Physics, vol. 10, no. 2, pp. 131-147, May 2000.

POG scheme. [6] J. C. Mercieca, J. N. Verhille, A. Bouscayrol, “EnergetVlacroscopic
feci ; ; Representation of a subway traction system for a simulatiodettio
POG schemes and d"‘SS'p?t'V? systenlise” POG dynamic IEEE-ISIE'04, Ajaccio, May 2004, pp. 1519-1524.
model (2) represents a “dissipative system” if and only if [7] r. Morselli, R. Zanasi, “Modeling of Automotive ControyStems Using
Power Oriented Graphs”, 32nd Annual Conference of the |EkHtrial
L=L">0 and G = A -B >0 (4) Electronics Society, IECON 2006, Parigi, 7-10 Novembre,&200

C D -7 [8] R. Zanasi, G. H. Geitner, A. Bouscayrol, W. Lhomme, “Difet ener-
getic techniques for modelling traction drives”, ELECTRIG& 2008,

i.e. if and only if matrixL is symmetric definite positive and  Qubec, Canada, June 8-11 2008.

G is a semi positive definite matriXProof. a POG system [9] R. Zanasi, F. Grossi, “The POG Technique for Modeling netary

. .. . . . Lot o Gears and Hybrid Automotive Systems”, Vehicular Power angh&#sion
is dissipative, see [10], if the power inequalify u'y dt + Conference VPPC 2009, Dearborn, Michigan, USA 7-11 Septe@9.
E;(0) > E4(x) holds for all the trajectories, beings the [10] B. Brogliato, R. Lozano, B. Maschke and O. Egeland Riative,
stored energy. ChoseR, = %XTLX, the time-derivative of “Systems Analysis and Control. Theory and Applications” riger-

. . . . . Verlag, London, 2007.
3 T ' )
the power inequality provides the relation’y — x"Lx > 0. [11] M. Filippa, C. Mi, J. Shen, R. Stevenson,“Modeling a higlhelectric

Using vectorsy and Lx from (2), one obtains the inequality  vechicle powertrain test cell unsing Bond Graphs”, IEEE ritaon
u'Cx+uDu+x"Ax—x"Bu > 0 which can be rewritten Vehicular Technology, May 2005, Vol. 54, pp. 837-845.



