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Abstract—In automotive applications the emission reduction
and fuel consumption are relevant goals for manufactures so that
several devices are introduce in the engine. One of such devices
is Variable Valve Timing (VVT), modeled in this paper, that
represents a complex multi physic system designed to control the
intake camshaft: by opening and closing time of inlet and outlet
valves are modified so that the engine conditions can satisfy the
gaols in term of torque improvement in all the speed ranges as
well as increasing fuel economy and reducing exhaust emission.
In this paper the Power Oriented Graph (POG) technique
has been used for modeling the considered electromechanical
system allowing to detect some hide variables not readable by
the sensors. The effectiveness of the proposed model has been
validated using an experimental set-ut.

INTRODUCTION

The VVT device offers benefits in fuel economy,
performance and emission levels of the gasoline
engines ([Leone et al., 1999], [Gray, 1988], [Ma, 1988],
[Stein and Galietti, 1995]). Most of the advantages in
emission reduction, both NOx and HC, is related to the
internal EGR (Exhaust Gas Recirculation) mechanism
realizable by VVT. This mechanism reduces the pumping
losses and improves the fuel economy by cam timing
optimization over a wide range of engine operations
conditions. Good idle quality (minimum overlap) and
improved wide open throttle provide high speed performance
(maximum inducted air change). The old cam phasers were
built with helical splines that could be shifted axially with
the engine oil pressure via 4-way oil control valve (OCV).
Friction associated with the splines connections limits the
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 operate
even at low oil pressure, eliminating the energy loss due
to the spline mechanism, but they show a greater cam
torque disturbance, pressure and position oscillations. Vane
phasers include usually a locking pin that transmits the cam
torque at the engine starts, when the oil pressure is not
enough for actuating it. Once the engine has reached the
minimum oil pressure, the locking pin retracts and it is non
longer active. The vane type cam phaser and the 4-way oil
control valve (OCV) along with the engine oil system is a

simple and economic way for cam shifting implementation
([Gauthier et al., 2005]).
The paper is organized as follows. A brief introduction of the
Power-Oriented Graph technique is given in Sec. I. A detailed
description of the considered electromechanical system is
reported in Sec. II. The POG dynamic model of the VVT
system is given in Sec. III, while in Sec. IV the proposed
model is validated using an experimental set-up. The paper
ends with some conclusions in Sec. V.

I. THE POWER-ORIENTED GRAPHS PRINCIPLES

The Power-Oriented Graphs are block diagrams combined
with a particular modular structure essentially based on the
two blocks shown in Fig. 1: theelaboration block(e.b.) which
stores and/or dissipates energy (i.e. springs, masses, dampers,
capacities, inductances, resistance, etc.) and theconnection
block (c.b.) which redistributes the power within the system
without storing nor dissipating energy (i.e. transformers, gear
reduction, etc.). Both of blocks are suitable for representing
scalar and vectorial system: matrixG(s) is always a square
matrix composed by positive real transfer functions, matrix
K can also be rectangular. The black spot present in thee.b.

stands for a minus sign that multiplies the entering variable.
The main feature of the POG block schemes is the direct
correspondence between pairs of variables and real power
flows: the scalar productxTy of the two vectors involved in
each dashed line of the POG block scheme, see Fig. 1, has
always the physical meaning of “power flowing through that
particular section”.

II. T HE PHYSICAL SYSTEM

In a four stroke Internal Combustion Engine (ICE) the phase
of the engine cycle, during which the inlet and exhaust valves
are open, is usually referred to “valve timing” and is measured
as the opening and closing angles, for both inlet and exhaust
valves, before or after the point at which the piston reaches
the top death center (TDC) or the bottom death center (BDC).
In conventional engines the valve phasing time and their lift
are fixed, so they don’t vary over the entire engine speed and
load range. In this case the valve phasing time is chosen after
adequate evaluations on fuel consumption, pollution emission,
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Fig. 1. Power Oriented Graph basic blocks.

engine torque and idle stability. Due to the dynamics of the
gas flows into the cylinder and through the valves, the engine
breathing changes during the normal engine operation, so the
fixed valve timing can satisfy a particular engine speed and
load situation at the cost of poorer performances over the rest
of the range. In order to reach a better performance at high
speed with a flatter torque and in order to operate efficientlyat
wider range of speed, the ICE are often equipped with variable
valve timing and/or lift ([Stone et al., 1988]). For example,
a van may adopt less overlapping for the benefits of low
speed output, while a racing engine may adopt considerable
overlapping for high speed power. On the other hand, an
ordinary sedan may adopt valve timing optimized for mid-rev
so that both the low speed drivability and high speed output
will not be sacrificed too much. No matter which one, the
result is just optimized for a particular speed. With Variable
Valve Timing ([Buchinger et al., 1998]), power and torque can
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 driv-

ability.
As noticed, the main purpose of the system is to shift rapidly
the actual cam position toward the desired value implementing
a closed loop control to meet a certain response time useful
for emission and drivability. The system showed in Fig. 2 is
composed by aninner rotor directly linked to the camshaft
by screw thread and anouter rotor directly connected to the
crankshaft by pulley:Jr and Js will denote the inertias of
the two rotors. During the normal engine operation the outer
rotor runs at an half of the engine speed revolution, while
the inner rotor is pushed against the outer rotor face due to
contemporary work of the spring return, used for replacing as
fast as possible when the valve timing is not required, and
the oil pressure delivered by the OCV when not actuated.
Furthermore the pin blocks the outer rotor angle displacement
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 oil
pressure, the pin retracts, so it is no longer active, and theouter
rotor can start moving. From now on, the generated shifting
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Fig. 2. VVT system overview.

angle, defined as the difference between the stator and rotor
angles respect to the TDC, is controlled by the engine control
unit. When VVT is on, a proper control strategy of the OCV
system allows to the oil pressure to reach one of the two cam
vanes present between the inner and outer rotors: in one of
the two cam vanes the oil pressure increases, while the other
is unfilled becose directly connected to the return oil tank.
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Fig. 3. The essential mechanical elements of the VVT system.

III. T HE POGMODEL OF THE VVT SYSTEM

The VVT system presents two degrees of freedom: the
outer rotor positionϑs and the inner rotor positionϑr. The
POG block scheme describing the dynamics of the VVT
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Fig. 4. POG block scheme describing the dynamic model of the VVT system.

P,R input and return oil pressures
Qp, Qr input and return oil volume flow rates
Qp1, Qp2 oil volume flow rates from power supply to vane chambers
Qr1, Qr2 oil volume flow rates from return to vane chambers
Cp1, Cp2 flow rates coefficients from power supply to vane chambers
Cr1, Cr2 flow rates coefficients from return to vane chambers
Pc1, Pc2 oil pressures in the vane chambers
Qc1, Qc2 input oil volume flow rates of the vane chambers
Ca1, Ca2 hydraulic capacities of the vane chambers
Vc1, Vc2 oil volumes in the vane chambers
gc1, gc2 leak hydraulic conductances of the vane chambers

Ac pressure-torque angular coefficient of the vane chambers
xp, ẋp pin position and pin velocity
mp mass of the pin

bp(ẋp) friction coefficient of the pin
Kp(xp) 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
θr, θs angular positions of inner and outer rotors
ωr, ωs angular velocities of inner and outer rotors
θrs relative angular position between the inner and outer rotors
ωrs relative angular velocity between the inner and outer rotors

Kr(ωrs) relative spring stiffness coefficient of inner and outer rotors
τr external load torque acting on the inner rotor
τrs spring torque between inner and outer rotors

TABLE I
MAIN PARAMETERS AND VARIABLES OF THEVVT SYSTEM.

system is shown in Fig. 4. The main mechanical and hydraulic
parameters used for modeling the VVT system are shown in
Tab. I. The VVT system can be described as the cascade of
four interacting subsystems (see Fig. 4): 1) the OCV valve,
2) the pin dynamics, 3) the hydraulic dynamics of the vane
chambers and 4) the inner rotor. Each subsystem is graphically
described by a particular section of the POG block scheme
shown in Fig. 4.

1) The OCV valve:the actuator used for the phasing time
control is a fast switching 4-way hydraulic valve modulatedby
Pulse-Width-Modulation (PWM) technique (see Fig. 5). The
currentI flowing into the solenoid generates a magnetomotive
force which acts on the valve spring and moves the valve
plunger. The plunger position completely defines the shape of
the valve orifices and controls the oil pressure flows towards

Fig. 5. The OCV valve. The oil volume flow rates, controlled by currentI,
flow through the orifices (in green and blue) and reach the vanechambers.

the vane chambers. By using the POG basic concepts and the
energetic domain analogies described in [Zanasi, 1991] and
[Zanasi, 2010], it can be shown that in steady-state conditions
the dynamic model of the OCV valve becomes static and it
can be described by a two dimensional nonlinear dissipative
hydraulic resistance. The POG static model of the OCV valve
is shown in Fig. 4 between the two power sections1 and
2 . VectorsPi, Qi, Pd, Qd, Qdc and matricesH1, H2 are

defined as follows:
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The oil volume flow ratesQp1, Qp2, Qr1, Qr3 flowing from
P andR towards the vanes chambers are defined as follows:

Qp1(Pp1, I) = Cp1(I)
√

|P−Pc1|sign(P−Pc1)

Qp2(Pp2, I) = Cp2(I)
√

|P−Pc2|sign(P−Pc2)

Qr1(Pr1, I) = Cr1(I)
√

|R−Pc1|sign(R−Pc1)

Qr2(Pr2, I) = Cr2(I)
√

|R−Pc2|sign(R−Pc2)

(1)

In steady-state conditions the currentI flowing in the valve
solenoid completely determines the positionxi of the valve
plunger, the shapes of the valve orifices and the values of the
flow rates coefficientsCp1(I), Cp2(I), Cr1(I) and Cr3(I).
These coefficients are usually provided by the constructor,but
they can also be determined experimentally. Moreover, they
can be easily simulated in Simulink by using simple look-up
tables.

2) The pin: the dynamic model of the pin is shown in Fig. 4
between the two power sections2 and 3 . A POG detailed
model of the pin dynamics is shown in Fig. 6.
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Fig. 6. POG detailed model of the pin dynamics.

The dynamic model of the pin is described by the following
differential and static equations:

mpẍp = ApPc − Fb − Fp

=
[

Ap 0
]

[

Pc1

Pc2

]

− bp(ẋp)ẋp − Fp

= ApPc1 − bp(ẋp)ẋp − Fp

Qp = AT
pẋp =

[

Ap

0

]

ẋp =

[

Apẋp

0

]

(2)

The pin moves subject to the forces generated by the vane
chamber pressurePc1, the viscous friction coefficientbp(ẋp)
and the pin return springKp(xp). The nonlinear forceFp =
Kp(xp) models both the force of the return spring and the
contact force between the pin and the outer rotor case.

3) The vane chambers:a detailed POG dynamic model of
the vane chambers is shown in Fig. 4 between the two power
sections 3 and 4 . The pressuresPc1 and Pc2 of the vane
chambers are determined by the oil volume flow ratesQdc,
Qr, Qr and Qp entering the hydraulic capacitiesCa1 and

Ca2: the flow rateQdc coming form the OCV valve through
the orifices, theQr flow rate due to the inner rotor motion,
Ql flow rate due to the hydraulic losses of the vane chambers
and theQp flow rates due to the pin motion. The very small
capacityCa stores potential energy in terms of oil pressure an
it takes into account the high oil stiffness and the small elastic
deformation of the valve case:

CaṖc = Qdc −Qr −Ql −Qp

Ql = Gl(To)Pc =

[

gc1(To)Pc1

gc2(To)Pc2

]

Qr = AT
cωr =

[

Ac

−Ac

]

ωr =

[

Acωr

−Acωr

]

.

(3)

The vectorsPc, Qc, AT
c and the matricesCa, Gl shown in

(3) and in the POG scheme of Fig. 4 are defined as follows:

Pc =

[

Pc1

Pc2

]

, Qc =

[

Qc1

Qc2

]

, Vc =

[

Vc1

Vc2

]

,

Ca =

[

Ca1 0
0 Ca2

]

, Gl =

[

gc1 0
0 gc2

]

, AT
c =

[

Ac

−Ac

]

.

The leak hydraulic coefficientsgc1 andgc2 are usually function
of the oil temperatureTo: gc1 = gc1(To) andgc2 = gc2(To).

4) The inner rotor: the POG dynamic model of the inner
rotor is shown in Fig. 4 between the two power sections4

and 5 . Depending on the OCV plunger position the vane
chambers can be connected to the power supply pressureP

or to the return tank pressureR. The delta pressurePc1 −
Pc2 between the chambers produces a torqueτc acting on the
inner rotor. This torque acts against the cam bearing friction
torqueτr = f(ωr, T o), the internal friction torqueτb and the
nonlinear internal spring torqueτrs = Kr(θrs). The dynamic
equations of the inner rotor with respect to the outer one are

Fig. 7. Torque balancing in VVT system.



the following:

Jrω̇rs = AcPc − τb − τr − τrs

=
[

Ac −Ac

]

[

Pc1

Pc2

]

− br(ωrs)ωrs − τr − τrs

= Ac(Pc1 − Pc2)− br(ωrs)ωrs − τr − τrs

Qr = AT
cωrs =

[

Ac

−Ac

]

ωrs =

[

Ac ωrs

−Ac ωrs

]

(4)

The elastic torqueτrs is also as function of pin state:

τrs =

{

Kr(ωrs) when thepin is unlocked

0 when thepin is locked

IV. EXPERIMENTAL SET-UP AND MODEL VALIDATION

The considered experimental set-up is shown in Fig. 8. The
following electrical signals have been measured: cam position
θr, oil temperatureTo, pump oil pressureP and engine angular
speedωe. These signals have been used for model validation.

Inner

rotor

Outer

rotor
Cam

sensor

PWM

OCV

ECU

Fig. 8. Experimental set-up. By using the engine control unitinside the
vehicle were spilled out the signals sensor needed for the model validation.

The engine angular speedωe has been measured using
a magnetic pickup sensor, while the cam positionθr has
been measured using an Hall effect sensor. A post processing
analysis was necessary to deriveωe from the engine speed
sensor and the cam phasing time from cam sensor. In this latter
case a laborious work has been done for the TDC identification
based on the signals pattern (see Fig. 9).

The results reported in Fig. 11, Fig. 12 and Fig. 13 have
been normalized with respect to amplitude and time for reserve
reasons. The good matching between the results obtained in
simulation and the results obtained from the actual physical
system are shown in Fig. 11. This good matching confirms
that the POG modeling technique based on an energetic
approach is very useful for facing complex physical system.
In particular, the obtained POG dynamic model is composed
only by elementary blocks (integrator, summation elements,
lookup tables, etc.) and therefore is useful when there are
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limited resources for the computational time of the embedded
microcontroller.

The presented experimental results have been obtained as
follows. Firstly the engine was warmed up until the oil
temperature reached 90 Co and then the engine speed was
increased up to around 2000 rpm: in this situation the VVT
strategy was enabled and the cam phasing time was actuated.
The cam phasing position has been controlled by using a
simple discretized PID controller with a sampling time of
10 ms. Fig. 12 shows that when the VVT is off the control
current is lower than the minimum actuation threshold, zero
in this phase, and the chambers have a constant delta pressure
because of the initial oil pressurized filling of the rear cam
vane chamber (see Fig. 13).

When the duty cycle is applied, the control current increases
(see Fig. 13), the OCV spool moves, the pressurized oil starts
to flow in the advance chamber and the inner rotor starts to
move with respect to the outer. Then, when the desired cam
phasing position is reached, the two chambers reach a pressure
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which guarantees the balance between the motion and the
resistance torque.

V. CONCLUSIONS

This paper proposes a control-oriented model of a variable
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 embedded target
by code generation could be useful to validate the production
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.
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