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Modeling of an internal 
ombustion engine using Power-Oriented Graphs and ele
tri
al analogy 3Glossary
p gas pressure [N/m2]
T gas temperature [K]
Tsl temperature of lateral surfa
e of 
ylinder [K]
Tsb temperature of basi
 surfa
e of 
ylinder [K]
ṁ air mass �ow rate [kg/s]

Q̇ext heat �ow rate [kJ/s]
V volume [m3]
θ spark advan
e [deg]
cx spe
i�
 heat 
apa
ities (x = p or v)[J/(kgK)]
γ ratio of spe
i�
 heats , cp/cv [−]
hi enthalpy [kJ/kg]
mfuel fuel mass [kg]
ηcb 
ombustion e�
ien
y [−]
λ air/fuel ratio [−]
S heat release [W/kg]
ṁc 
hoked air mass �ow rate [kg/s]
ṁnc not 
hoked air mass �ow rate [kg/s]
CD dis
harge 
oe�
ient [−]
AT e�e
tive �ow area [m2]1 Introdu
tionToday's automotive systems fa
e a 
ompetitive marketthat demands ex
ellent performan
e and limited time ofexpensive tests. To a
hieve this, 
ontinual improvementsare needed on both me
hani
al 
omponents and onsystem management software, i.e. 
ontrol strategies.Regarding the development of new and more e�
ient
ontrol strategies, automotive 
ompanies 
ommonlyadopt models that 
an be simulated on a 
omputerto develop new 
ontrol algorithms in order to redu
ethe e�ort and the 
ost of the testing phase, see Huet al. (2009), Grubera et al. (2009), Petridis and A.T.Shenton (2003). This phase 
onsists of running the
ontrol strategy to verify its performan
e and limits. Tothis aim, the models must be reliable and, as far aspossible, easily a
hievable. Moreover models are usuallyshared among di�erent people, therefore a 
ommonmodeling language is needed to allow an easier ande�e
tive 
ommuni
ation.A modeling te
hnique supported by physi
alproperties together with a s
hemati
 representationbased on some simple rules, would ease the writingof the models, simplify the formal 
he
k of modelsand allow a 
ommon modeling language to share themodels. This problem is in 
ommon between automotive
ontrol systems and many other resear
h �elds andmany possible solutions have been already proposed:the �rst one is the Bond Graphs modeling te
hnique,see Gawthrop and Bevan (2007), A.K. Samantarayand S.K. Ghoshal and K. Medjaher and B. OuldBouamama (2007) and the referen
es therein. Thismodeling te
hnique uses power intera
tion betweensubsystems as the basi
 
on
ept for modeling. It hasalso a formal language to represent the basi
 
omponentsthat may appear in a broad range of physi
al systems.

However this te
hnique has a few drawba
ks that makeit not 
ompletely suitable to satisfy the requirementsmentioned above: the s
hemati
 representation needsmore than ten symbols and it is not easily readable;the �power� variables are 
lassi�ed in �e�ort� and ��ow�variables (note that this de�nition does not 
oin
ide withthe de�nition of a
ross-variable and through-variable)and �nally the implementation of the Bond Graphs on ageneral purpose 
omputer simulator may require a nontrivial `translation' (
ausality problem). The modelingte
hnique we propose here is the Power-Oriented Graphs(POG) te
hnique. As for Bond Graphs, the basi
 ideaof the POG modeling te
hnique is to use the powerintera
tion between subsystems as basi
 
on
ept formodeling, see Zanasi (1991) and Zanasi (2010). The POGs
hemes are parti
ularly suitable to ele
tro-hydrauli
me
hani
al systems where the power �ows throughdi�erent energeti
 domains. Di�erently from the BondGraphs te
hnique, see Zanasi et al. (2008), the POGte
hnique uses only two basi
 blo
ks (see Fig. 1), doesnot need to 
lassify the power variables and always usesthe integral 
ausality. By this way, the POG s
hemes areeasily readable, 
lose to the 
omputer implementationand allow reliable simulations using 
ommon 
omputersimulator. Several examples of appli
ation to realsystems are available. Some of them, related toautomotive 
ontrol systems, are listed below and arevalidated by 
omparing the simulation results withexperimental measurements. Many examples involvingthe ele
tri
al, hydrauli
 and me
hani
al domains aboutvehi
le systems and 
omponents 
an be found: 
ommonrail system in Morselli et al. (2002), 
lut
hes andgearboxes in Morselli et al. (2006).In this work, the POG te
hnique is used for modelingan internal 
ombustion engine using the ele
tri
 analogy,see Palma et al. (2008) and Deur et al. (2006), in orderto obtain a mathemati
al approa
h useful for 
ontrolpurposes and easy to implement on 
omputer simulators.In the literature, parti
ular interest is dedi
ated toengine modeling, both for analysis and 
ontrol purpose.As an example, in Y. Nilsson and L. Eriksson and M.Gunnarsson (2008) to realize a fuel optimal 
ontrol,the 
ru
ial 
omponent is the model for the enginetorque. A model for the produ
ed work that 
aptures
x1

y (e.b.)
- �

G(s)

?

?

� -

x2

y

x1

y

(
.b.)
� �KT
- K - x2

yFigure 1 The POG basi
 blo
ks: the elaboration blo
k(e.b.) on the left and the 
onne
tion blo
k (
.b.)on the right.



4 F. Grossi, A. Palladino, R. Zanasi, G. Fiengothe important e�e
ts of ignition and 
ompression ratiois proposed and investigated. In M. S. Sangha and J.B. Gomm and D. Yu (2008) and G. Lorini and A.Miotti and R. S
attolini (2008) a generi
 Spark Ignition(SI) Mean Value Engine Model (MVEM) is used forexperimentation. In the former, the model is used for the
lassi�
ation of automotive engine air path faults fromtransient data, in the latter the MVEM is implementedin the synthesis of two 
ontrol s
hemes with predi
tive
apabilities.In Gar
ia-Nieto et al. (2008), Kwiatkowski et al.(2009) and Huajin et al. (2009) di�erent engine modelsaimed to 
ontrol designs are presented. The mainfeatures of these models are the simpli
ity (typi
allylinear models are adopted) and the a

ura
y ne
essary torea
h the 
ontrol goals. In internal 
ombustion engines,the 
y
li
 variation of in-
ylinder pressure pro�le is oneof the important fa
tors that a�e
t torque generationand fuel e�
ien
y Li et al. (2010).The fo
us of this paper is to formalize the analogy ofthe internal 
ombustion engine with ele
tri
al systems,see Spring et al. (2007) and Grossi et al. (2009), realizethe 
orresponding POG s
heme and obtain from it thedi�erential equations of the engine dynami
s in the statespa
e form. The authors, starting from an analogy withele
tri
al systems, simplify the approa
h eliminatingthe spa
e dynami
s (multi-zone 
ombustion and wavee�e
ts), while preserving the time dynami
s (resonan
eand tuning phenomena). In this way they 
an obtain anengine des
ription similar to an ele
tri
al (although notlinear) 
ir
uit, with all the useful 
onsequen
es in termof existen
e and numeri
al availability of the solution.The advantages are in the spe
i�
 
orresponden
e thatis found between the engine 
omponents and variables(as throttle valve, 
ylinder, inertial �ows), with ele
tri
al
ounterparts (
urrent, voltage, resistan
e).The main bene�ts a
hievable with this methodologyis the simpli
ity to 
ompose the whole engine modeland 
ustomize it in
luding all the latest devi
es. So itis possible to easily implement both a baseline engineand a high 
omplex automotive system. The POG model
an be dire
tly implemented on a 
ommon 
omputersimulator. Moreover, it allows to obtain a new enginestate spa
e mathemati
al model for 
ontrol appli
ation.The paper is organized as follows. Se
tion 2 statesthe basi
 properties of the POG modeling te
hnique andSe
tion 3 shows the engine model features. An internal
ombustion engine model using POG is des
ribed inSe
tion 4. Finally, simulation results are shown inSe
tion 5 and 
ompared with experimental data. Some
on
lusions end the paper.2 The bases of Power-Oriented GraphsThe �Power-Oriented Graphs� (POG) te
hnique is agraphi
al modeling te
hnique that uses the �powerintera
tion� between subsystems as basi
 element formodeling physi
al systems. The POG te
hnique has a

�modular� stru
ture whi
h essentially uses only the twoblo
ks shown in Fig. 1 named �elaboration blo
k� (e.b.)and �
onne
tion blo
k� (
.b.). The basi
 
hara
teristi
of this modular stru
ture is the dire
t 
orresponden
ebetween pairs of system variables and real power �ows:the produ
t of the two variables involved in ea
h dashedline of the graph has the physi
al meaning of �power�owing through the se
tion�. The 
ir
le present inthe e.b. is a summation element and the bla
k spotrepresents a minus sign that multiplies the enteringvariable. There is no restri
tion on variables x and yother than the fa
t that their inner produ
t 〈x,y〉 =
xTy must have the physi
al meaning of a �power�. Thee.b. and the 
.b. are suitable for representing both s
alarand ve
torial systems. In the ve
torial 
ase, G(s) and Kare matri
es: G(s) is always a square matrix 
omposedby positive real transfer fun
tions; matrix K 
an also bere
tangular. There is a dire
t 
orresponden
e betweenthe POG s
hemes and the 
orresponding state spa
edynami
 equations. For example, the system
{

L ẋ=Ax+Bu

y=BTx L = LT > 0 (1)
an be represented by the POG s
heme shown in Fig. 2.Note that every physi
al system respe
ting 
ausality
onstraints 
an be written in the form (1). More details
u

y � �BT
- B - - �

L-1
1
s

?

?

?

x
� -

�

A

6

6

-Figure 2 POG blo
k s
heme of a generi
 dynami
 system.on Power-Oriented Graphs are reported in Zanasi (1991),Morselli and Zanasi (2006) and Zanasi (2010).3 Engine Model Des
riptionIt is widely known in the literature that there isan analogy (see Maxwell and Firestone analogiesin Firestone (1933)) between dynami
s of a simplelinear me
hani
al system and that of a simplelumped-parameter linear ele
tri
 
ir
uit. The BondGraphs and POG modeling te
hniques use di�erentde�nitions for the power variables, 
lassifying theminto e�ort/�ow (Bond Graphs) and through/a
ross(POG). This de�nition however leads to di�erentanalogies among the di�erent energeti
 domains. Inthe frame of POG we refer to Firestone analogy asit better preserves topology aspe
ts. The dynami
sof a
tual me
hani
al and me
hatroni
s systems su
h



Modeling of an internal 
ombustion engine using Power-Oriented Graphs and ele
tri
al analogy 5Table 1 Variableselement q i vele
tri
 
harge / �ow 
urrent voltage
q [C℄ / φ [V s℄ i [A℄ v [V ℄hydrauli
 volume / hydr. �ow �ow rate pressureV [m3℄ / φh [Ns/m2℄ ṁ [kg/s℄ p [N/m2℄me
hani
 angle / momentum torque speedrotational θ [rad℄ / P [kg rad/s℄ T [Nm℄ ω [rad/s℄Table 2 Parameterselement parametersele
tri
 resistan
e indu
tan
e 
apa
ity
R = v

i
L = v

di
dt

C = i
dv
dthydrauli
 pneumati
 hydrauli
 pneumati
resistan
e indu
tan
e 
apa
ity

R = p
ṁ

L = p
dṁ
dt

C = ṁ
dp
dtme
hani
 fri
tion elasti
ity inertiarotational B = T

ω
1
K

= ω
dT
dt

J = T
dω
dtas an internal 
ombustion engine or its 
omponentshave never been analyzed intensively based on their
orresponding ele
tro-me
hani
al. Indeed, there are a lotof papers that have dis
ussed dire
tly any possibility ofexpressing Lagrange's equation of motion for nonlinearme
hani
al systems via lumped-parameter 
ir
uits likeele
tri
 
ir
uits, see Arimoto and Nakayama (1996).A physi
al system 
an be de
omposed in elementarysubsystems or elements. For ea
h elementary subsystemit is possible to de�ne three variables named:

q quantity, i.e. energy variable of the element;
i through-variable, equal to dq/dt, i.e. the powervariable that �ows through the element;
v variable, i.e. the power variable a
ting at theextremes of the element.As an example, Table 1 reports these variables for theele
tri
, hydrauli
 and me
hani
al elements. The mainfeature is that ea
h variable 
an be 
onsidered 
onstantdespite the others or, alternatively, the following ratios
an be 
onsidered 
onstant

v

i
,

v
di
dt

,
i
dv
dt

(2)as shown in Table 2. Moreover, it is possible todemonstrate that, for a network of elements andin parti
ular 
onditions, the variables are related byKir
hho� laws, as follows:
• for ea
h node of the network, the algebrai
 sum ofthe through-variables is zero.
• for ea
h mesh of the network, the algebrai
 sum ofthe a
ross-variables is zero.Now, 
onsidering the engine formed by me
hani
al
omponents as throttle valve, manifolds, 
ylinders and


rank shaft, 
rossed by a gas, the approa
h proposed inthis work is based on the analogy among the ele
tri
al,simpler to model, and the me
hani
al and hydrauli
elements, see Palma et al. (2008).Regarding the me
hani
al systems, an analogy 
an befound among speed and torque with ele
tri
 voltage and
urrent respe
tively, it results in 
onsidering the inverseof the me
hani
al fri
tion B as an ele
tri
 resistan
e Rand, similarly, the inertia J as a 
apa
itor C and theinverse of the sti�ness K as an ele
tri
 indu
tan
e L.The same 
onsiderations 
an be done for the hydrauli
elements. Here the analogies are between the gas �owrate ṁ with the 
urrent i, the pressure p with thevoltage v and the volume V with the 
harge q. Then,the ele
tri
al resistan
e 
orresponds to the pneumati
resistan
e, that is the resistan
e of gas �owing a
ross anori�
e, and the relationship between volume and pressureto an ele
tri
 
apa
itor, see De Rinaldis and S
herpen(2005).In this s
enario, all the parts 
omposing the engine
an �nd an equivalent ele
tri
al 
ir
uit or element asdetailed des
ribed in the following se
tions. Moreover,in order to exa
tly des
ribe the operation of ele
tri
al
ir
uit, it is ne
essary to use the Maxwell equations.These 
an 
apture both the dynami
s of the ele
tri
alquantities, su
h as 
urrents and voltages, and therelated ele
tromagneti
al phenomena, as transmissionand radiation. Fortunately, if the size of the 
ir
uitis small 
ompared to the wavelength of the ele
tri
alvariables (i.e. the ratio between the light speedand the frequen
y of the pulsating events), theseele
tromagneti
al phenomena 
an be negle
ted. As a
onsequen
e, the partial di�erential relationships of theMaxwell equations 
an be simpli�ed to the widelyused ele
tri
al engineering equations, that are theKir
hho� laws and the 
urrent/voltage relationships of
ir
uit 
omponents. Similarly, the same approa
h 
an beextended to the internal 
ombustion engine, providingthat the wavelength (in this 
ase the ratio between thesound speed and the frequen
y of its pulsating events)is large enough 
ompared to the length size of theengine. As an example, a four 
ylinder four stroke engine,running at 3000 rpm, generates intake pulses at 100Hz, resulting in a wavelength of 3.4 m. Considering theengine size of approximately 1 m, the lumped parameterapproa
h seems to be reasonable, see Palma et al. (2008)and Spring et al. (2007).The engine is seen as an array of 
ylinders,having 
ommon 
onne
tions with an intake and anexhaust manifold. The 
onne
tions are regulated byvalves opening. A

ording to the previous se
tion,it is possible to distinguish separate subsystemsinter
onne
ted ea
h others, su
h as the intake manifoldequipped with throttle valve, the exhaust manifold and
ylinders. From the phenomenologi
al point of view, theelements 
omposing the engine 
an be 
lassi�ed in thefollowing 
ategories: volumes, ori�
es, inertial e�e
ts and
ombustion. In the following, ea
h 
ategory is introdu
edand the relationships involving the variables of interest
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PaAmbientpressure
RfAir �lter RtThrottle body L1

Ci Intakemanifold
Intake valve

Ri

LiIntake inertia Cylinder CombustionQs

Exhaust valve
Re

LeExhaust inertia
Ce Exhaustmanifold

RmMu�er L2

Pa Ambientpressure
Cylindern

Figure 3 Internal 
ombustion engine equivalent 
ir
uit.are reported. Moreover a brief explanation of the POGse
tion is given, a

ording to Se
tion 4.3.1 VolumesHere are grouped the intake and exhaust manifoldand 
ylinders, respe
tively as 
onstant and variablevolumes. The ele
tri
 
ounterpart is the quantity of
harge stored in a 
apa
itor. Applying the 
orresponding
urrent/voltage relationship and 
onsidering theanalogies with pressure and temperature inside thevolume, it is possible to obtain the 
lassi
al equations.Starting from ideal gas equation
pV = mRT (3)where R is the spe
i�
 gas 
onstant and m is the massof the gas, it is possible to obtain the following relations:
ṗ =

Rγ

V





∑

i

ṁiTi − T
∑

j

ṁj +
γ − 1

Rγ
Q̇ext −

pV̇

R



(4)
Ṫ = RγT

pV

[

∑

i ṁiTi(1 −
T
γTi

)− T
∑

j ṁj(1−
1

γTj
)+

+ γ−1
Rγ

Q̇ext −
pV̇
R
(1− 1

γT
)
] (5)where i represents the entering mass �ow and j theoutgoing mass �ow. For sake of brevity, the details onhow to obtain equations (4) and (5) are omitted.It is remarked that, regarding the intake and exhaustmanifolds, sin
e the volume V is 
onstant, the derivativeterms in the equation disappear. These elements havetheir 
orresponding POG elaboration blo
ks betweenpower se
tions 4 and 5 for the intake manifold andbetween se
tions 16 and 17 for the exhaust manifold.

3.2 Ori�
esThe ori�
es are responsible for the pressure drops alongthe gas path. They are modeled as variable resistan
es
ausing equivalent voltage drops. The size of the ori�
eis variable and regulated by valve opening, as throttlevalve, air bypass, intake and exhaust valves.The ele
tri
al resistan
e is governed by a stati
relationship between voltage and 
urrent, 
orrespondingto a stati
 relationship between the analogue variables,i.e. pressure and �ow rate, a

ording to the well knownequations in Hendri
ks (1989), Colin et al. (2009) andSetlur et al. (2005)
{

ṁc = CDAT p0
√

RT
γ 1

2
( 2
γ+1)

γ+1
2(γ−1) pT

p0
> 1

ṁnc =
CDAT p0
√

RT
(pT

p0
)

1
γ { 2γ

γ−1 [1− (pT

p0
)

γ−1
γ ]} pT

p0
< 1

(6)where pT and p0 are respe
tively the pressure upstreamand downstream the ori�
e. In the POG s
heme ori�
esare represented with stati
 elaboration blo
ks named
Rf , Rt, Ri, Re and Rm (see Se
tion 4 for symbolsexplanation).3.3 Inertial e�e
tsThe inertial phenomena 
an be 
onsidered as minore�orts but not 
ompletely negligible. They des
ribethe redu
tion or the in
rease of the pressure upstreamthe valve of a quantity proportional to the derivativeof the mass �ow through the same valve. Here, theyare modeled as a linear indu
tan
e, regulated by adi�erential relationship between voltage and 
urrent,
orresponding to the following equation
pcorr = p− km̈ (7)
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tri
al analogy 7where pcorr is the manifold pressure k is a parameter tobe set and m̈ is the time derivative of the air mass �ow. Itis remarked that this kind of relationship is not presentin literature. In order to justify the adopted 
hoi
e, boththe analogy with the ele
tri
al 
ir
uit and the simulationresults illustrated later on the paper 
an be addu
ed.The POG dynami
 blo
ks representing inertial e�e
tsare pla
ed between power se
tions 3 and 4 , se
tions 7and 8 (intake inertia), se
tions 14 and 15 (exhaust inertia)and between se
tions 18 and 19.3.4 Combustion des
riptionThe 
ombustion pro
ess 
onstitutes the most meaningfuland 
omplex phenomenon o

urring into the engine.In order to model the in-
ylinder 
y
le pressure, anequivalent ele
tri
 
ir
uit has been adopted. The 
ir
uitis formed by a variable 
apa
itor, representing the
ylinder volume, equipped by an impulsive 
urrentgenerator. In intake 
ondition, the piston downstroke
auses a pressure drop through the valve (it generatesa voltage di�eren
e at the 
apa
itor extremities and,
onsequently, generates a 
urrent �ow through the
apa
itor). During the 
ombustion phase, when theintake and exhaust valves are 
losed, the 
urrentgenerator develops an impulsive 
urrent �ow, simulatingthe pressure in
rease in 
ombustion 
hamber during thisphase, see Powell (1979). This phenomenon 
orrespondsto the well known 
ombustion pro
ess, i.e. an impulsivein
rease of the in-
ylinder pressure 
aused by the
ombustion results in a torque generation and in mass�ow through the exhaust valves. The equation regardingthis pro
ess is des
ribed by the following relationship
Q̇e = h1Al(θ)(Tsl − T ) + h2Ab(Tsb − T )+

+mfuel ηcb ηburn(λ, p)S(θ, p)QHV

(8)where h1 and h2 are parameters to be set, Al and
Ab the lateral and base area respe
tively and QHVis the fuel lower heating value (expressed in J/kg),see Heywood (1988). It is remarked that equation (8)represents the heat power generated by the 
ombustiona�e
ting the pressure (4) and temperature (5). The
y
li
 variation has been implemented as a fun
tion ofthe operating 
onditions (ηburn in (8)) of engine and,partially, equipped with a random behavior needed torepresent the 
ombustion 
y
le-by-
y
le and 
ylinder-by-
ylinder irregularity. In the POG s
heme the dynami
elaboration blo
k modeling the array of 
ylinders and
ombustion is given between se
tions 12 and 13.3.5 Equivalent 
ir
uitBased on the analogies depi
ted in the previousparagraph, the whole engine 
an be represented by the
ir
uit shown in Fig. 3.The model starts des
ribing the dynami
 of the air
rossing the intake manifold, i.e. driven by the ambientpressure (a voltage generator), the air mass passes the

�lter (a resistan
e) and the throttle body (a variableresistan
e) and arrives into the 
ylinder through theintake valves (a new variable resistan
e).The 
ylinders are des
ribed by a parallel of �n�
ombustion equivalent 
ir
uits (variable 
apa
itors forthe 
ylinders and an impulsive 
urrent generator for thespark plug), with �n� the number of 
ylinders 
omposingthe engine. Finally, the gas mixture is dis
harged intothe exhaust manifold through the exhaust valves (avariable resistan
e) and ends into the ambient 
rossingthe mu�er (a resistan
e). For sake of 
ompleteness, itis possible to introdu
e the indu
tors representing theinertial e�e
ts of the 
urrent as it is explained in Se
tion3.3 that are able to des
ribe the analogue e�e
ts ofthe �uid 
olumns. The validity of the modeling 
hoi
esadopted in this work has been tested with experimentaldata of Fiat engine 1.8 liters with 8 valves and witha Variable Valve Timing (VVT). The engine has been
oupled to an eddy 
urrent dynamometer with lowinertia 250 kW AC and it has been tested at ElasisResear
h Center. An AVL PUMA Open automationsoftware has been used to measure engine variables ofinterest during di�erent engine operation modes. Theauthors use this automation pa
kage system for this testbed regarding it 
apability to run real-time models fromMATLAB-Simulink.4 POG model of the internal 
ombustionengineThe POG s
heme of the 
ombustion engine is reportedin Fig. 4. The meaning of the model parameters is thefollowing:
Rf : �lter resistan
e;
Rt : throttle variable resistan
e;
L1, L2 : indu
tors representing inertial e�e
ts;
Ci : intake manifold 
apa
ity;
Ri : intake valve variable resistan
e;
Li : intake valve inertia;
Cc : 
ylinder 
apa
ity;
Re : exhaust valve variable resistan
e;
Le : exhaust valve inertia;
Ce : exhaust manifold 
apa
ity;
Rm : mu�er resistan
e;
Jm : motor inertia;
A : 
ylinder area.Note that upright type denotes s
alar parameters, whilebold type denotes matri
es. The s
heme blo
ks betweenpower se
tions 1 to 8 and 12 to 19 are in the sameorder as the 
omponents appear in the equivalent ele
tri

ir
uit of Fig.3, a

ording to the dire
tion of the power�ow. The power �ows into this s
heme a

ording to thefollowing rule: for ea
h se
tion of the POG s
heme thepower is entering (outgoing) if the path from the inputto the output has an even (odd) number of `minus' signs.Blo
ks between power se
tions 9 and 12 represent theme
hani
al part that is in parallel with the hydrauli
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al analogy 9part between se
tions 1 and 8 . This part is not
onsidered in the equivalent ele
tri
 
ir
uit of Fig. 3, buthere it is ne
essary in order to give the exa
t energeti
meaning to the model. The model has eight dynami
elements. The dynami
 elements su
h as indu
tan
esintegrate the a
ross-variable and give the through-variable, while dynami
 elements su
h as 
apa
itorsand inertias integrate the through-variable and givethe a
ross-variable. The state ve
tor 
omponents 
anbe 
hosen as the power variables in output from thedynami
 elements taken in the order as they appear inthe POG s
heme:
x =

[

Qin Pi Qi Pc Qe Pe Qout ωm

]T
,where Qin is the mass �ow in the air �lter and throttlebody, Pi is the pressure given by the intake manifold, Qiis the ve
tor of mass �ows in the intake valve enteringthe 
ylinder, Pc is the 
ylinder pressure,Qe is the ve
torof mass �ows in the exhaust valve outgoing the 
ylinder,

Pe is the pressure given by the exhaust manifold, Qoutis the mass �ow passing through the mu�er and ωm isthe velo
ity of the motor shaft. The input ve
tor is:
u =

[

Pa τe
]T

,where Pa is the ambient pressure and τe is the externaltorque applied to the motor shaft. The 
onne
tion matrix
Kn is a 
olumn unitary ve
tor of dimension n:
Kn =

[

1 1 1 . . . 1
]Twhere n is the number of 
ylinders. This matrix allows topass from a s
alar to a ve
torial system (and vi
eversa)that is the parallel of n 
ylinders. The 
onne
tion blo
ksbetween power se
tions 10 and 12 allow to pass fromthe hydrauli
 to the me
hani
al domain and vi
eversa.Fun
tion Φ(θi) is de�ned as

Φ(θi) =
[

ϕ(θ1) ϕ(θ2) . . . ϕ(θn)
]Twhere θi is the angle between the piston rod and themotion dire
tion of ea
h 
ylinder, ϕ(θ) 
onverts therotational motion of the shaft into the linear motion ofthe piston (and vi
eversa) and it is de�ned as:

ϕ(θ) = −l1 sin(θ)









1 +
cos(θ)

l2

√

1−
(

l1
l2
sin(θ)

)2









,where l1 and l2 are the lengths of the piston rod and the
rank respe
tively.The di�erential equations of the motor 
an be writtenin the state spa
e form as:
L ẋ = Ax+Buand the system matri
es 
an be obtained straightforwardfrom the POG s
heme. Matrix L, named energy matrix,is always symmetri
 and positive de�nite. In this 
ase it
an be obtained putting on its diagonal the 
oe�
ientsof the dynami
 elements of the system, it is to say all

indu
tors, 
apa
itors and inertias taken in the order asthey appear in the POG s
heme from left to right (asthe me
hani
al part is in parallel, the inertia 
an be putin the last position in matrix L). The input matrix B
an be obtained from the s
heme following the paths
onne
ting the three inputs to ea
h 
omponent of ve
tor
ẋ. The system matri
es are given by:
L=

























L1 0 0 0 0 0 0 0
0 Ci 0 0 0 0 0 0
0 0 Li 0 0 0 0 0
0 0 0 Cc 0 0 0 0
0 0 0 0 Le 0 0 0
0 0 0 0 0 Ce 0 0
0 0 0 0 0 0 L2 0
0 0 0 0 0 0 0 Jr

























, B=

























1 0
0 0
0 0
0 0
0 0
0 0
−1 0
0 −1

























(9)
and
A=

























−(Rf+Rt)−1 0 0 0 0 0 0
1 0 −K

T
n 0 0 0 0 0

0 Kn −Ri −1 0 0 0 0
0 0 1 0 −1 0 0 −ϕ(θ)A

0 0 0 1 −Re −Kn 0 0
0 0 0 0 K

T
n 0 −1 0

0 0 0 0 0 1 −Rm 0
0 0 0 ϕ(θ)A 0 0 0 0

























.(10)
The system matrix A 
an always be represented asthe sum of a symmetri
 part As =

A+AT
2 and a skew-symmetri
 part Aw = A−AT

2 . The symmetri
 part As isa fun
tion of the stati
 parameters of the system andit represents the system dissipations. The dissipatingpower of the system is given by a quadrati
 form fun
tionof matrix As and state ve
tor x. The skew-symmetri
part Aw is a fun
tion of the 
onne
ting parametersbetween the system elements and it represents energyredistribution within the system, so it is not responsiblefor neither storing nor dissipating energy and thequadrati
 form based on this matrix is always zero.The POG modeling te
hnique has been 
hosen inthis work in order to shorten the simulation timeand therefore exploit the proposed model for 
ontrolpurposes. In Palma et al. (2008) the same engine wasmodeled with a lumped parameter te
hnique − in-
ylinder engine model − but even if that model was morea

urate and guaranteed the simulation of mass �owsand fuel �ows of ea
h 
ylinder, the simulation time wasabout 4− 6minutes for ea
h engine point on a Intel Core
2 vpro 2, 26 Ghz pro
essor. The model implemented inthis paper has a simulation time of every engine strokeof less than 5 s.5 Simulation resultsThe POG s
heme given in Fig. 4 
an be easilyimplemented in Simulink with no �translation� e�ort, asit needs only a few kind of fun
tional blo
ks, su
h asGain, Integrator and Summator. This is an important
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Rf +Rt = 280 [Ω]
L1, L2 = 0.1, 0.01 [H ]
Ri = 1 [Ω]
Li = 0.01 [H ]
Cc = 450 [cm3/Pa]
Re = 0.013 [Ω]
Le = 0.01 [H ]
Ce = 1.2 [m3/Pa]
Rm = 9.9 [Ω]
Jm = 1.2987 [kgm2]
A = 0.0161 [m2]
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Time [s]Figure 5 Mass �ow in the air �lter and throttle body(experimental data in red dashed, simulationresult in blue solid line).advantage of the POG approa
h. The parameters ofthe model have been identi�ed (see Table 3 for thevalues of the main parameters of the model). In order toidentify the model parameters, an automati
 
alibrationtool has been exploited that, with the help of a multi-map optimizer, is able to 
alibrate all parameterssimultaneously, �nding an optimal solution in termsof mean square per
entage estimation error, see Cookand Powell (1998) and Palladino et al. (2008). In thesimulations the fun
tion Φ(θ) has been substituteda

ording with the following formula
Pav =

2π nR τav
Ccthat gives the relation between the mean e�e
tivepressure Pav and the mean e�e
tive torque τav, where

nR is the number of 
rank revolutions for ea
h powerstroke per 
ylinder, see Heywood (1988) and Hrovat andSun (1997). Figures 5 to 9 show experimental data inred dashed line and simulation results in blue solid lineand the per
entage errors (they are all related to thesame experiment). Firstly, in Fig. 5 the performan
esof the proposed model are evaluated 
omparing thesimulated air mass �ow in the air �lter and throttle valvewith the measured signals during sele
ted experiments.
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ity of the motorshaft.It is important to note that the experiments used forthe validation phase are di�erent from those used forthe 
alibration of model parameters. The experimentaldata are 
olle
ted by a 1.4 liter Fiat engine, equippedwith VVT system and with a Turbo Compressor (TC).The experiments are designed to evaluate the behavior
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Time [s]Figure 9 Motor torque (experimental data in red dashedline, simulation result in blue solid line).of the model during tip-in and tip-out maneuvers,parti
ularly 
riti
al to test and so di�
ult to obtainan a

urate parameters identi�
ation. The tip-in andtip-out maneuvers are an a

elerator pedal maneuversreferred to the a
tion of a driver pressing/releasingthe pedal from a depressed position to a zero or nearzero position and vi
eversa. The maneuvers have beenrealized in 
lut
h down, so in low load 
ondition.However, Fig. 7 and Fig. 9 highlight again the goodperforman
e during the experiments 
ondu
ted withabrupt step on the throttle valve, at �rst 
losed and then
ompletely opened (Widely Open Throttle, WOT), otherdetails are omitted for 
on�dential reason.Even if the proposed model 
annot 
at
h allthe system dynami
s, due to the various simplifyinghypotheses, it is able to reprodu
e the main dynami
sof the system. Moreover simulations are very fast withrespe
t to simulations based on the mean value modeland this is an important improvement for 
ontrolpurposes.6 Con
lusion and future workThe paper has des
ribed the Power-Oriented Graphs(POG) te
hnique for modeling Spark-Ignition enginebased on the equivalen
e with ele
tri
 
ir
uit. Previousmean value models were more detailed and a

urate,but very 
omplex from both mathemati
al and
omputational point of view and not 
ontrol-oriented.The approa
h proposed here exhibits some advantages in
omparison with other graphi
al te
hniques: even if it isbased on some simplifying hypotheses, it allows to writethe 
ontrol equations, to realize very 
ompa
t s
hemeswhi
h 
an be easily translated into Simulink models andthe 
omputational 
ost of simulations is very low. ThePOG model has been tested by 
omparing simulationresults with experimental data, showing a good levelof reliability and a

ura
y. Thanks to its properties,the POG modeling te
hnique is a good alternative tomodel automotive systems and to de�ne the di�erential

equations of the engine in the state spa
e form in simpletasks. As future work, the aim of the authors is to usethe POG engine model, here presented, in the synthesisof 
ontrol s
hemes with predi
tive 
apabilities, in orderto test fuel 
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