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ABSTRACT

Engine efficiency is one of the key aspects to cedDO2 emissions. In order to improve the emission
maintaining high performance capabilities seveealicks are introduced in the system; variable vahaag
technology allows more flexibility for modern engmto meet peak performance, fuel economy and low
emissions targets while providing good driveabilithis paper describes the Lamborghini continucuslyable
cam phaser model using a graphical technique,cBitaver Oriented Graphs (POG), that uses an eerget
approach for representing the physical systems.génerally accepted approach is to calibrate ameran a
dynamometer and to adjust the operation of thenenigi meet performance targets. With the curreitd lamd
test approach, these adjustments may not be maiflevah into the development program, and thisitwation
is a costly and time consuming step in the engewelbpment process: the main purpose of this wiarks
allowing a faster model's calibration time. Furthere the usefulness to model the system consisteaijzing
in simulation many more system configurations tthense available for real experiments so it's imgartusing a
simple methodology that is able to analyze the wisgktem's dynamic in order to reach the performanc
expectations. The results obtained were validagedashstrating the effectiveness of the POG technique

INTRODUCTION

Nowadays the most of world manufactures, becaugbeofncreasingly tight emissions regulations, hbgen
paying attention to the valve actuation. This dfesn the car equipment that is provides with a cliven
systems because the experience shows that, byiobgahg valve timing or lifting, it's possible tse the engine
performance (such as engine power, torque, idlditguahermal efficiency and exhaust cleanlinesge of
these devices is the VVT (Variable Valve Timing)ask goal is shifting the relative angle betweendtasmk
and camshaft. The VVT control is performed by tmgiBe Control Unit that sets the desired valueteim of
cam angle, after that the solenoid valve is enetftn allow the movement of the whole mechanisrftisbithe
intake and exhaust valve timing relative to thenksdaft position. The system's modeling brings dewange of
benefits from performance system analysis, suckgsonse time, for example, responsible of the mm$sion
during the first engine starting, to the self-cediiton parameters of many more system configuratiemailable
for the a real experimental set-up. In this woiklieen realized and validated the Simulink modgiguthe
Power Oriented Graph technique.

POWER-ORIENTED GRAPH, BASIC CONCEPTS

The Bond Graphs, Power-Oriented Graph and Enerddticroscopic Representation are graphical
modeling techniques based energetic approactior modeling physical system, that uBewer and Energy
variablesfor that. Usually, all systems dissipative haveftiilowing properties:

1. a systenstores and/or dissipates energy
2. the dynamic model of physical system descri@s the energy moves within the system
3. the energy moves from point to point only by meaftsvo power variables
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The POG block schemes are normal block diagramsbiwd with a particular modular structure
essentially based on the use of the two blocks shiowrig.1la/b:
- elaboration block(e.b.), for all physical elements that store andissipate energy (i.e
spring, mass, damper, capacities, etc
- connection blockc.b.), for the systems that transform the powéhaut losses (i.e
neutral elements such as gear reductions, transefsrratc.)
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Figure 1 POG basic block and variables: a) elabor&in block; b) connection
block; c) across and through variables

These blocks are suitable for representing botlasead vectorial systems. In the vectorial case,
G(s), andK are matrices: the first one is always symmetrigasg matrix positive definite, while
K-matrix can be rectangular. The circle in thb.is a sum element and the black spot means a
minus sign that multiple the input variable. Theiméeatures of POG is keeping the right
equivalence between the dashed sections of thehgrapd the real power sections of the
modeled systemthe scalar product of the two power section vamgbhas the meaning of the
power flowing through that section

The main energetic domains can be found in realdaame electrical, mechanical (translational
or rotational) and hydraulical, see Fig.1lc. Eaclergetic domain is characterized by two
variables: an across variables ve, defines amowogpmints (i.e. voltage, velocity,etc.), and a
through variables defines in each point of the spée@. current, force, etc.). Each physical
elements interacts with the external world throubk power sections associated with its
terminals. A physical element is connected in sevien its terminal share the same through-
variablev;, see Fig.2 while in parallel when its terminal hthe same across-variablg see
Fig.2.

I)_/‘v

a) Element in series. b) Element in parallel.

Figure 2 POG representation of physical elements:)aonnected in series; b)
connected in parallel

Another important property of the POG techniquthesdirect correspondence between the POG
schemes and the state space dynamic equationsx&omle, the POG schemes shown in Fig.3
can be represented by the state space equations (1)
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Figure 3 POG scheme of a generic dynamic system

where theenergy matrix_ is symmetric and positive definite:= L ">0. It can be easily shown
that whenD = 0 imply thatC = B'. When an eigenvalue &f-matrix tends to zero (or infinity),
system (1) degenerates towards a lower dimensioardic system, see (2). In this case, the
dynamic model of the “reduced” system, can be aobthi directly using a congruent
transformatiorx=Tz where (if T is constant)” = T'LT, A" = T'AT,B = T'BT,C = T'CT

and D = D. The POG scheme can also be input-output inverbedh graphically and
mathematically as shown in Fig.4 whére L, A° = A+BD™*C, B° = BD*, C° = -D'C andD’ =

D.

Figure 4 POG block scheme of the input-output inveed system



DESCRIPTION OF THE ANALYTICAL MODEL

The main purpose of the system, see Fig.5, is b tpidly the controlled cam position toward the
desired: usually this is implemented by closed Ipopition control. The system is composed by aabdei cam
phaser, oil control valve, solenoid and its driv@gnk and cam position encoder, and phase caatroll
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Figure 5 Scheme of Variable Valve Timing system

The oil control valve, see Fig.6, used is a fouyrwad two-position spool valve that directs theipail
flow toward the front or rear rotor chambers. Tiadve is composed by an electromagnetic solenoidriy),
actuated by Engine Control Unit by a PWM signadpaol mass (in orange), bounded to slide withinstnat, a
plunger mass (in pink), a spring (at the end ofgheger body), holds the spool in rest positiomd @lunger
body.

Figure 6 Scheme of Oil Control Valve system

When the solenoid is energized the axial-forceegeied by magnetic field (were neglected the force
effects due to the different direction) on the dpowmss, pushes against the spring allowing the gaun
movement. Varying the duty cycle of the PWM sigiaan be changed the mean energy value supplitiieto
system so the mean axial-force value applied tapo®| disclosing the orifice area, build on thelypmass, and
the oil pressurized can reached the chambers diegead where the advanced or retard position doac{see
Fig.6). When the duty cycle value to the valve ésoz(de-energized) the spool position, thus thegey, is
located to connect that chambers, rear, to whiehrdbor is blocked so no cam shaft angle is posgjtih locked
position). As the duty cycle increases the spoblevanoves forward, toward the unlocked pin positioutting
off the pressure in the rear chamber and supplyrige front. As 0.5 of duty cycle is reached théve is in the
rest position so that engine oil can't flow in bottamber and the rotor should be stopped. Howewertal the
valve train friction and the rotor leakage, theédatan't stay in position rest so it will moverthermore this
holding spool valve position correspond to the vemall mechanical region such that the duty cyele ary:
just the modeling can be capable of handling treerttainty in the hold position parameter. In thg. i showed
the POG scheme of the Oil Control Valve.
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Figure 7 POG scheme of Qil Control Valve system

The cam phase, used for modeling, is a rotary lwidractuator with multiple chambers separated &yes; the
rotor is rigidly connected to the cam shaft while stator to the cam pulley that is, in turn, dtéatto the crank
shaft. The system has two degree of freedom, titerst’,, and the rotor, positions, and it's subject by a
resistance torquéVl.es due to the valve train, the motion torgug on the stator and the spring torqug. . By
supplying pressurized oil into the chambers, tHerranoves (due to the torque generates by theredsure
acting on the volume contained between two diamaeteaindd,) in advanced or retard position respect the stator
so that the phase displacement is produced. Theisoequipped by a pin allows the rotor lockingem no cam
shift angle is required. According to the [1] norfuulas was showed.

Figure 8 VVT dynamic system: forces acting on theystem and state variable

MODEL VALIDATION AND EXPERIMENTAL TEST

The model was validated by data post processirggjitired the need signals acquisition, in particulze
cam position sensor, the crankshaft sensor ané\itibl signal control voltage, respectively signalpuitand
inputs. Furthermore was acquired the oil tempeeatarconsider the temperature influence on the phase
whose effects didn’'t investigate in this work. Rbe acquisition Labview Signal Express tool, by ibial
Instruments (see Fig.10), was used: thanks tostpessible carrying out several tests time costesdsrecorded
the data rapidly.

At the meantime the resistance torque of the cafipdfias,was acquired using an experimental motoring
test-rig as described in Reference [3]; in paréicul was focused the attention in sensitivity &ian by speed,
temperature and oil viscosity.
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Figure 10 LabView control panel for signals OCV aquisition (no signals are showed)

Before using the processing data for model valigatthe signals acquired were elaborated with Ndatla
script, in particular was rebuild the engine timisignals to calculate the engine revolution, onehef input
signals, and the cam phases, intake and exhawstfdhe output signals (see Fig.11)
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Figure 11 Voltage engine time signals: a) greensankshaft signal, b) white, intake cam phase; c) &
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Figure 9 Elaborating signal: rpm and intake valve fhase

As shown in the figure can be appreciate the gesdlts between simulation and actual physical syste
which confirms the energetic approach modelingasywseful facing complex problems above all when y
have to collide with the production ECU less parfance than the micro controller used for example fo
Hardware-In-The-Loop or Rapid Prototyping. It'senimbserve that when the VVT is not working the chars
have a delta pressure, due to the fact that th@ressurized initially fills only a retard chamben being
hydraulic power available it's possible to move thi®r consequently modifies the cam phaser. Wherduty
cycle is applied, this hydraulic power is exchanetiveen the chambers, filling the other one (adedp At
this time, when the desired cam phasing is readi@tl, chambers present the same pressure so agdedisure
is available to modify the cam phase angle: tharotsmworks in this phase to guarantee the workioigt.



e o 2 2
R

PressureQil [bar]

o o
=

1.2
1 .........................................
OB ....................................... — 0 8
= (]
o =]
-g [ R e e I A ;-
@ 5
E DAl @06
= : : : : 2 : : : :
02p---- Simulated [ 7 a 05 Advance| 7T
0 Acquired _____ L 04l ---- Retard | . .
02 ! . . ! ! . . r
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time [s] Time [s]

Figure 10 Data comparisons

CONCLUSIONS

This paper summarize the analytical approach ugagimborghini to assess the dynamic of
variable valve train system, it is a robust wagdooptimization, sensitivity analysis and
different layout studies.

To obtain reasonable predictions at concept dgshgise for a complex VVT does require
experience to choose the right modelling levethia casa it was used all the expertise
coming from Lamborghini engine Know-how, and tareste sensible values for stiffness
and damping at many locations.

The results shown in this paper demonstrate thsoredole level of correlation that can be
achieved on a complex VVT system. The model caitelas good enough to be useful for
component optimization and engine upgrade assessmen

The use of a simplified dynamic model based on Pd@wented Graph is a efficient way to
make calculations in order to support the decigpimtess during concept design. It is used as
an efficient way to understand and optimize theesyswith a deep knowledge of single detalil
and as an important way to take layout decisicen\ery short time
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