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Abstract—In automotive applications the emission reduction simple and economic way for cam shifting implementation
and fuel consumption are relevant goals for manufactures so tha ([Gauthier et al., 2005]).
several devices are introduce in the engine. One of such device ; ; g ;
is Variable Valve Timing (VVT), modeled in this paper, that °The paper is organized as fo_llows_. A.brlef_lntroducnon G“.h
represents a complex multi physic system designed to control the Powe_r—Qnented Graph te_Chn'que IS given in Se?' l.A deda|le.
intake camshaft: by opening and closing time of inlet and outlet description of the considered electromechanical system is
valves are modified so that the engine conditions can satisfy the reported in Sec. Il. The POG dynamic model of the VVT
gaols in term of torque improvement in all the speed ranges as system is given in Sec. lll, while in Sec. IV the proposed

well as increasing fuel economy and reducing exhaust emission. ; ; ; ; _
In this paper the Power Oriented Graph (POG) technique moddel |_.'tshvalldated usllng an _exgerlm\(/antal set-up. The paper
has been used for modeling the considered electromechanical€NdS WIth Some conclusions In Sec. V.

system allowing to detect some hide variables not readable by | THE PO o G s c s
the sensors. The effectiveness of the proposed model has bee - THE FOWER-URIENTED GRAPHS PRINCIPLE

validated using an experimental set-ut. The Power-Oriented Graphs are block diagrams combined
with a particular modular structure essentially based an th
INTRODUCTION two blocks shown in Fig. 1: thelaboration block(e.b.) which

The VVT device offers benefits in fuel economystores and/or dissipates energy (i.e. springs, massegedsm
performance and emission levels of the gasolirmpacities, inductances, resistance, etc.) andctmection
engines ([Leone et al., 1999], [Gray, 1988], [Ma, 1988hlock (c.b.) which redistributes the power within the system
[Stein and Galietti, 1995]). Most of the advantages iwithout storing nor dissipating energy (i.e. transformeysar
emission reduction, both NOx and HC, is related to theeduction, etc.). Both of blocks are suitable for repreisgnt
internal EGR (Exhaust Gas Recirculation) mechanisetalar and vectorial system: matr(s) is always a square
realizable by VVT. This mechanism reduces the pumpingatrix composed by positive real transfer functions, matri
losses and improves the fuel economy by cam timirl§ can also be rectangular. The black spot present irethe
optimization over a wide range of engine operationstands for a minus sign that multiplies the entering vaeabl
conditions. Good idle quality (minimum overlap) andrfhe main feature of the POG block schemes is the direct
improved wide open throttle provide high speed performancerrespondence between pairs of variables and real power
(maximum inducted air change). The old cam phasers wdlaws: the scalar product'y of the two vectors involved in
built with helical splines that could be shifted axially tvit each dashed line of the POG block scheme, see Fig. 1, has
the engine oil pressure via 4-way oil control valve (OCV)always the physical meaning opéwer flowing through that
Friction associated with the splines connections limite ttparticular sectior.
transmission of cam torque disturbance into the oil system
so that the pressure fluctuations are dampened. The newer
vane type cam phasers are more compact, faster and operata a four stroke Internal Combustion Engine (ICE) the phase
even at low oil pressure, eliminating the energy loss dué the engine cycle, during which the inlet and exhaust &lve
to the spline mechanism, but they show a greater caare open, is usually referred tedlve timing and is measured
torque disturbance, pressure and position oscillatiormeV as the opening and closing angles, for both inlet and exhaust
phasers include usually a locking pin that transmits the caralves, before or after the point at which the piston reaches
torque at the engine starts, when the oil pressure is ribe top death center (TDC) or the bottom death center (BDC).
enough for actuating it. Once the engine has reached theconventional engines the valve phasing time and thdir lif
minimum oil pressure, the locking pin retracts and it is noare fixed, so they don'’t vary over the entire engine speed and
longer active. The vane type cam phaser and the 4-way lm&d range. In this case the valve phasing time is chosen afte
control valve (OCV) along with the engine oil system is adequate evaluations on fuel consumption, pollution eoniss

Il. THE PHYSICAL SYSTEM
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(a) Elaboration block. (b) Connection block.

Fig. 1. Power Oriented Graph basic blocks.

engine torque and idle stability. Due to the dynamics of tf
gas flows into the cylinder and through the valves, the engine
breathing changes during the normal engine operation,eso th
fixed valve timing can satisfy a particular engine speed and Fig. 2. VVT system overview.
load situation at the cost of poorer performances over tse re
of the range. In order to reach a better performance at high
speed with a flatter torque and in order to operate efficiattlyangle, defined as the difference between the stator and rotor
wider range of speed, the ICE are often equipped with vagiakdngles respect to the TDC, is controlled by the engine cbntro
valve timing and/or lift ([Stone et al., 1988]). For exampleunit. When VVT is on, a proper control strategy of the OCV
a van may adopt less overlapping for the benefits of losystem allows to the oil pressure to reach one of the two cam
speed output, while a racing engine may adopt considerakes present between the inner and outer rotors: in one of
overlapping for high speed power. On the other hand, #me two cam vanes the oil pressure increases, while the other
ordinary sedan may adopt valve timing optimized for mid-rei unfilled becose directly connected to the return oil tank.
so that both the low speed drivability and high speed output
will not be sacrificed too much. No matter which one, th Sorom Soing
result is just optimized for a particular speed. With Valéab thread return
Valve Timing ([Buchinger et al., 1998]), power and torque ca
be optimized across a wide engine revs such that:
1) the engine can rev higher, thus raises peak power;
2) at low-speed the torque increases improving the dri
ability.
As noticed, the main purpose of the system is to shift rapid
the actual cam position toward the desired value implemgnti
a closed loop control to meet a certain response time use
for emission and drivability. The system showed in Fig. 2 |
composed by arnner rotor directly linked to the camshaft
by screw thread and aouter rotor directly connected to the

crankshaft by pulley.J,. and J, will denote the inertias of

the two rotors. During the normal engine operation the out B /
rotor runs at an half of the engine speed revolution, whi spring

the inner rotor is pushed against the outer rotor face due Outer

contemporary work of the spring return, used for replacigg i
fast as possible when the valve timing is not required, and
the oil pressure delivered by the OCV when not actuated. Fig. 3. The essential mechanical elements of the VVT system.
Furthermore the pin blocks the outer rotor angle displacgéme
if no enough pressure is reached. In this situation the VVT is
off and no relative angle movement between inner and outer
rotors is possible. Once the engine has reached a minimum oilThe VVT system presents two degrees of freedom: the
pressure, the pin retracts, so it is no longer active, anduker outer rotor positiond, and the inner rotor positio,.. The
rotor can start moving. From now on, the generated shiftiOG block scheme describing the dynamics of the VVT

IIl. THEPOGMODEL OF THEVVT SYSTEM
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PR input and return oil pressures

Qp, Qr | input and return oil volume flow rates
Qp1,Q oil volume flow rates from power supply to vane chambers

L P2 B PP Solenmd R

Qr1,Qr2 | oil volume flow rates from return to vane chambers
Cp1,Cp2 | flow rates coefficients from power supply to vane chamber
Cr1,Cro | flow rates coefficients from return to vane chambers
P.1, P.2 | oil pressures in the vane chambers

Qc1,Qc2 | input oil volume flow rates of the vane chambers
Ca1,Cq2 | hydraulic capacities of the vane chambers

Plunger, X, —— Spring

Ve1, Vea | oIl volumes in the vane chambers [D
ge1,9c2 | leak hydraulic conductances of the vane chambers

Ac pressure-torque angular coefficient of the vane chambers .:
Tp, Tp pin position and pin velocity

mp mass of the pin

by(&p) | friction coefficient of the pin
K,(zp) | spring stiffness coefficient of the pin

Ap area of the pin facing the first vane chamber
Jr, br inertia and linear friction coefficients of the inner rotor
0,05 angular positions of inner and outer rotors il pressure, P
W, Ws angular velocities of inner and outer rotors
Ors relative angular position between the inner and outer ofor Fig, 5. The OCV valve. The oil volume flow rates, controlled hyrentI,
Wrs relative angular velocity between the inner and outer mtor  fiow through the orifices (in green and blue) and reach the chaenbers.
K, (wrs) | relative spring stiffness coefficient of inner and outeorst
Tr external load torque acting on the inner rotor
Trs spring torque between inner and outer rotors . .
TABLE | the vane chambers. By using the POG basic concepts and the
MAIN PARAMETERS AND VARIABLES OF THEVVT SYSTEM. energetic domain analogies described in [Zanasi, 1991] and

[Zanasi, 2010], it can be shown that in steady-state caniti
the dynamic model of the OCV valve becomes static and it
can be described by a two dimensional nonlinear dissipative

system is shown in Fig. 4. The main mechanical and hydrauﬁé(dra““C resistance. The POG static model of the OCV valve
parameters used for modeling the VVT system are shown fhShown in Fig. 4 between the two power sectio@s and
Tab. I. The VVT system can be described as the cascade@f VeCtorsPi, Qi, Pa, Qa, Quc and matricest,, Hy are
four mteractmg subsystems (see Fig. 4): 1) the OCV valvé€fined as follows:

2) the pin dynamics, 3) the hydraulic dynamics of the vane 10] 10
chambers and 4) the inner rotor. Each subsystem is graphical , | P Qi = Qp H, — 10 H, — 01
described by a particular section of the POG block scheme * = |R|” ™~ |Q.,|’ = o1 27 10|’
shown in Fig. 4. 01] 01
1) The OCV valve:ithe actuator used for the phasing time P_P, P, [ Qi (P, 1)
control is a fast switching 4-way hydraulic valve modulabsd PP, PZ ) p PZ o 1)

(
Pulse-Width-Modulation (PWM) technique (see Fig. 5). The Pa= |, 5 A =1p. Q= 0 1EP Nk
current/ flowing into the solenoid generates a magnetomotive R_ PC2 PT2 QT2(PT ’

force which acts on the valve spring and moves the valve 2 )
plunger. The plunger position completely defines the shdpe
the valve orifices and controls the oil pressure flows toward

Qpl +Qp2

Hle N |:Qr1 +Qr

:| , Q H2Q Qpl +Qr1:|

QpQ +Qr2



The oil volume flow rate€),1, Qp2, Qr1, Qr3 flowing from C,o: the flow rateQ,. coming form the OCV valve through
P and R towards the vanes chambers are defined as follovibe orifices, theQ,. flow rate due to the inner rotor motion,

Py, 1) = Cyy (I)\/[P— Py |signP—P. Q, flow rate due to the hydraulic losses of the vane chambers
Qi (Fpr. 1) (VI 1stgn 1) and theQ, flow rates due to the pin motion. The very small

Qp2(Pp2, I) = Cpa(1)/|P— Pea|sign(P— Pez) capacityC, stores potential energy in terms of oil pressure an
_ ; (1) it takes into account the high oil stiffness and the smalstita

Qr1(Pr1,I) = Cri(I)\/|R—Pea|sign(R— Pe1) deformation of the valve case:

QTZ(PT27 I) = Cr2(I) |R_Pc2|5igr(R_Pc2)

. . i CaPc:QdC_Q'r—Ql_Qp
In steady-state conditions the currehflowing in the valve
solenoid completely determines the position of the valve Q =G(T,)P. = [gcl(TO) Pcl]
plunger, the shapes of the valve orifices and the values of the 9e2(To) Pez
flow rates coefficientsCp (1), Cp2(I), Cri(L) and Cr3(I). ; A, Aqw,
These coefficients are usually provided by the construbtdr, Q= Awwr = {—AJ Wr = |:_Acwr:| :
they can also be determined experimentally. Moreover, they
can be easily simulated in Simulink by using simple look-Uphe vectorsP.,, Q.. AT and the matrice€,, G; shown in

®3)

tables. . o ~_ (3)and in the POG scheme of Fig. 4 are defined as follows:
2) The pin: the dynamic model of the pin is shown in Fig. 4
between the two power sectio® and 3. A POG detailed p v
model of the pin dynamics is shown in Fig. 6. P.= |7, Q= Qe . Vo=,
P02 QCQ ‘/(;2
P, o> A, | ——
| | | | |
Ca1 O 0 A
[ [ [ [ [ _ |Yal _ |9a T _ c
‘ ‘ ‘ ‘ ‘ Ca* |: 0 Cva,2j|7 Gli |:O 902:|7 AC* |:_Ac:|.
| | | o) |
} } } } I } The leak hydraulic coefficienig.; andg.. are usually function
| Ly el | P | of the oil temperaturd’,: g.; = gc1(T,) and geo = gea(T,).
| \ 1 \ \ % \ 4) The inner rotor: the POG dynamic model of the inner
| s b | rotor is shown in Fig. 4 between the two power sectighs
| | | | | and ®. Depending on the OCV plunger position the vane
Q, l__ Al L L =1 =1 . | 0 chambers can be connected to the power supply presure
| i, ! ! ! or to the return tank pressurB. The delta pressuré’,; —
P,, between the chambers produces a torguacting on the
Fig. 6. POG detailed model of the pin dynamics. inner rotor. This torque acts against the cam bearing dricti

) o ) _ torquer, = f(w,,To), the internal friction torque;, and the
The dynamic model of the pin is described by the followingonjinear internal spring torque., = K,(6,). The dynamic

differential and static equations: equations of the inner rotor with respect to the outer one are
mpi, = AP, — F, — F,

~ 0[] -t - 5,

= ApPer — by(dp)dp — F, @)

D T\,: Valve opening (+) and closing (-),

temperature and speed dependent

. Ayl . Ayt
QP_A;$P_|:OP:|xp_|: pop:|

The pin moves subject to the forces generated by the ve
chamber pressuré,,, the viscous friction coefficient, (&)

T, : Cam bearing friction (+, temperature
and speed dependent)

TS : Input torgue from crankshaft

and the pin return spring<,(x,). The nonlinear force’, = Z T, Torque on rotor from hydraulics (positive and
K,(z,) models both the force of the return spring and th 2 NEGEING; O prescUE dopenicek)
contact force between the pin and the outer rotor case.
. . Tg : Torque from bias spring system (+ between full retard
3) The vane Chamber$ detalled POG dynamlC mOdel Of anad locked position, 0 between locked and fully advanced)

the vane chambers is shown in Fig. 4 between the two pow
sections® and @. The pressure$.; and P., of the vane
chambers are determined by the oil volume flow rafes,
Q.. Q, and Q, entering the hydraulic capacitieS,; and Fig. 7. Torque balancing in VVT system.

Tg> T#T (at extreme cold spec) toretard Ty, > Ty = (T, Todyerage



Experimental data: engine speed (g), intake (b) and exhaust (r) cams
T T

the following: ; ‘ : ‘ ‘

errs = ACPC — Ty —Tr — Trs

_ Pcl
- [Ac _Ac] |:Pc2:| - br(wrs)wrs — Tr — Trs sk i
= Ac(Pcl - P(:Q) - br(wrs)wrs — Tr — Trs (4) 2k
=
Qr = Azwrs = |:A/i :| Wrg = |:A/i w(;S :| g I

The elastic torque,. is also as function of pin state:

14

ok

| Kp(wrs) when thepin is unlocked
7 0 when thepin is locked

IV. EXPERIMENTAL SETUP AND MODEL VALIDATION uis m2 w2 ms o TUs 4 1

Time [s]
The considered experimental set-up is shown in Fig. 8. The
following electrical signals have been measured: cam iposit
0,., oil temperaturd’,, pump oil pressuré and engine angular
speedw.. These signals have been used for model validation. 2w

Fig. 9. Sensor signals captured.
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Fig. 8. Experimental set-up. By using the engine control imside the
vehicle were spilled out the signals sensor needed for theemadidation.  limited resources for the computational time of the embddde

microcontroller.

The engine angular speed. has been measured using The presented experimental results have been obtained as
a magnetic pickup sensor, while the cam positihn has follows. Firstly the engine was warmed up until the oil
been measured using an Hall effect sensor. A post procesdiegpperature reached 90 Gind then the engine speed was
analysis was necessary to derive from the engine speedincreased up to around 2000 rpm: in this situation the VVT
sensor and the cam phasing time from cam sensor. In this lagtrategy was enabled and the cam phasing time was actuated.
case a laborious work has been done for the TDC identificatibhe cam phasing position has been controlled by using a
based on the signals pattern (see Fig. 9). simple discretized PID controller with a sampling time of

The results reported in Fig. 11, Fig. 12 and Fig. 13 havé ms. Fig. 12 shows that when the VVT is off the control
been normalized with respect to amplitude and time for kesercurrent is lower than the minimum actuation threshold, zero
reasons. The good matching between the results obtainednitthis phase, and the chambers have a constant delta pressur
simulation and the results obtained from the actual physidzecause of the initial oil pressurized filling of the rear cam
system are shown in Fig. 11. This good matching confirnveine chamber (see Fig. 13).
that the POG modeling technique based on an energetidVhen the duty cycle is applied, the control current increases
approach is very useful for facing complex physical syster(see Fig. 13), the OCV spool moves, the pressurized oilsstart
In particular, the obtained POG dynamic model is composéad flow in the advance chamber and the inner rotor starts to
only by elementary blocks (integrator, summation elementsove with respect to the outer. Then, when the desired cam
lookup tables, etc.) and therefore is useful when there gbasing position is reached, the two chambers reach a peessu



Cam phasing: experimenatl (dashed) and simulated (solid)
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Fig. 11. Cam phasing: normalized comparison between simuolatitd
experimental data.
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valve timing (VVT) system on V12 Lamborghini engine. The
POG modeling technique has been used to obtain a energy
based model of the VVT. The simplicity of the POG modeling
technique were able to well describe the main dynamic phe-
nomena that affect the behavior of the system. Consequently
the proposed model is a good starting point for studying the
control strategy needed for improving the performance with
regard to the engine emission without affecting the vehicle
drivability. In future, the implementation on embeddedy&r

by code generation could be useful to validate the productio
code on the test rig. The POG technique represents a simple
and fast way for modeling a multi domain physical system
and can be applied also on the other engine subsystems.



