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ABSTRACT 
 
The internal combustion reciprocating engines that are usually employed in automotive 
applications need high torque at low revolution speeds to quickly increase car velocity 
without shifting gears. However, high power at top speed is required to obtain an 
adequate maximum speed as well as sufficient acceleration, through up-shifting. 
Designers can decide, according to different valve-timing diagrams, whether to improve 
torque at low speeds or power at top speeds. Unfortunately, both these improvements 
cannot be carried out at the same time, if the valve-timing diagram does not change 
with the engine revolution speed. Therefore, the current solutions for ordinary mass-
produced automotive engines are often a compromise between torque and power 
performance. A suitable choice of intake-valve and exhaust-valve timing, by means of 
Variable Valve Actuation (VVA), could instead satisfy both these requirements at the 
same time and even reduce fuel consumption and pollutant emissions. The aim of this 
review is to outline some of the most significant proposals over the last forty years as far 
as VVA systems are concerned.   
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NOMENCLATURE  
 
BDC  bottom dead centre   
bmep   brake mean effective pressure    
bsfc   brake specific fuel consumption    
BTDC  before top dead centre  
EGR   exhaust gas recirculation   
EIVC   early intake valve closing    
EVC  exhaust valve closing    
EVO  exhaust valve opening  
HSSV  high-speed solenoid valve 
imep  indicated mean effective pressure  
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IVC  intake valve closing   
IVO   intake valve opening  
LIVC  late intake valve closing  
RPM  revolution per minute  
TDC  top dead centre   
VVA  variable valve actuation   
WOT   wide open throttle  
 
 
 
INTRODUCTION 
 
As is well known, four stroke i.e. engines always need  a valvetrain system to replace 
working fluid. This is usually a cam-actuated system with poppet valves whose  motion 
is obtained  directly  through a cam profile and a tappet or through an interposed 
connecting rod, a rocker arm or a finger-follower, see Fig. 1. 
 
In the past, different solutions were utilized, such as sliding valves, rotating or sleeve 
types, as shown in Fig. 2, but all these solutions went no further for various different 
reasons [1]. The basic problem, which still remains essentially unsolved, is the high 
pressure that produces large forces on the valve system. The poppet valve instead is 
simply pushed  harder against its seat, and these forces have no effect on the valve-
actuating mechanism. All these valvetrain systems, however, do not allow any change 
in valve events, that is, the phase, the lift and the duration cannot be changed when the 
engine is running.   
 
As far as the valve lift diagram is concerned, it should be observed that the opening and 
the closing events cannot be instantaneous, and the gas flow accelerates and 
decelerates with a certain delay, owing to its inertia; therefore, some advance in 
opening and some delay in closing are required for advantageous operations. In Fig. 3, 
where the engine working cycle is depicted, in terms of pressure versus displacement, 
an example is shown of a valve timing solution featuring advance and delay times (with 
respect to the dead centres) for both the intake and the exhaust valves. 
    
Valve timing can influence many features of engine performance, by improving some of 
them and making some others worse. Therefore, when the valve timing is fixed, it must 
reach a compromise among many opposite requirements. Remarkable improvements 
can instead be obtained using variable valve actuation, according to different  strategies 
and  techniques; in particular to obtain:  

• High Torque at Low Engine Speed 
• High Power at Top Engine Speed 
• Improvement in Fuel Economy  
• Reduction in Pollutant Emissions 
• Better Idle Quality 
• NOx Reduction by Means of Internal EGR Control    
• Port Deactivation for Charge Motion Control or Engine Modular Operation 
• Suitable VVA management with turbocharging  
• More Efficient Engine Brake System for Diesel-Powered Vehicles 

Some of these points are examined here and discussed in detail.  
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FLUID EXCHANGE 
 
The process of filling the cylinder with fresh air (or an air-fuel mixture) can be analysed  
with the help of Fig. 4 which shows the charge air speed through the intake valve 
versus crank angle for different engine speeds with constant valve events [2]. 
At first, the analysis is limited to the last part of the intake phase, when the movement 
of the piston, after BDC, is inverted and the air continues to flow into the cylinder 
because of the inertia phenomenon. 
 
The air flow towards the cylinder therefore vanishes with a certain crank angle delay 
with respect to BDC. Moreover, this delay differs, according to the different engine 
speeds. If the intake valve closing delay (always in terms of crank angle) exceeds the 
points where the air speed decreases to zero, reject phenomenon occurs and the 
piston expels the air through the intake valve, that is, the air speed increases in the 
opposite direction. 
 
The main effects of the intake valve closing delay concern: the engine volumetric 
efficiency, the torque characteristic and the load control of s.i. engines. These features 
are analysed in detail later, in a separate section of this report.  
 
As far as the discharge of burnt gas is concerned, Figure 5 shows the effect of different 
exhaust valve opening advances on the indicated cycle work and the related pumping 
losses [3]. An optimum trade-off can be searched for, between the lost and recovered 
cycle work, due to the employed opening advance.    
 
Figure  4 also shows the intake valve opening advance and the exhaust valve closing 
delay (with respect to the TDC), which are responsible for the "valve overlap", that is 
the phase when both valves are open at the same time.   
 
At the beginning of the intake phase, the valve opening advance pre-arranges the 
intake valve in an open position when the fresh air (or mixture) begins to flow into the 
cylinder after top dead centre and reduces the throttling between the valve and its seat.  
In this first part of the intake stroke, the air is unable to enter the cylinder because of the 
presence of a residual gas pressure that produces a back-flow into the intake manifold 
when the exhaust valve is still open. This internal exhaust gas recirculation, during the 
valve overlap, affects the combustion process and, as a consequence, the pollutant 
emissions. 
 
Figure 6 shows the effects of a symmetrical overlap on the unburned hydrocarbons in 
idle conditions for a spark ignition engine [4]: with a diminution of the overlap, the 
backflow of the exhaust gases into the intake system can be reduced and, due to a 
more complete combustion, a significant reduction in HC emissions is obtained. 
Another important consequence of the right choice of valve timing concerns the 
improvement in the combustion process in idle conditions. This is clearly shown in Fig. 
7, where the standard deviation of the pressure vs crank-angle appears to be lower, in 
correspondence to a smaller intake valve opening advance, and a better idle quality is 
obtained [5]. 
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THE EFFECTS OF THE INTAKE VALVE CLOSING DELAY   
 
Volumetric Efficiency  
 
Because of the variable inertia phenomena of the gas flowing towards the cylinder, a 
suitable closure delay of the intake valve needs to be chosen according to the different 
engine speeds, if a high volumetric efficiency has to be reached. Fig.s 8 and 9 show the 
optimum delay for maximum volumetric efficiency valve closing for two different engine 
speeds, where  the higher speed obviously needs a longer crank angle delay [2]. It 
should also be noticed that a small rejected mass amount is, nevertheless, present at 
this maximum.  
 
Torque Characteristic   
 
As volumetric efficiency greatly affects torque characteristic, designers can decide 
whether to obtain higher torque at low speeds or higher power at top speeds, according 
to the chosen valve-timing diagram. Unfortunately, both these requirements cannot be 
satisfied at the same time, if the valve-timing diagram does not change with the engine 
revolution speed.   
 
Figure 10 shows an example of two torque characteristics of an s.i. engine, obtained 
with valve timing for high torque at low speeds (short events, dashed line) and for high 
torque at high speed (long events, dotted line). The full line instead shows the 
optimised torque characteristic with a VVA system installed on the engine. 
 
Figure 11 shows a WOT engine characteristic with high torque at low speeds (obtained 
thanks to VVA) which provides a satisfactory “elasticity” with a long gear (i.e. permits an 
acceptable car acceleration to be obtained without shifting gear). The use of a long 
gear is advantageous because is responsible of fuel consumption decrease. For 
instance, if point A, which represents a steady-state condition at 110 km/h in 4th gear, 
moves to point B, at the same vehicle speed in 5th gear, along the constant power curve 
"C", a remarkable reduction in fuel consumption of about 6% is obtained. Unfortunately, 
if an ordinary engine characteristic (without VVA) is employed, the torque reduction with 
speed makes acceleration resources too weak. VVA, instead, helps to avoid such a 
drawback and allows to exploit the fuel consumption decrease (due to long gear) 
maintaining good acceleration performances. In Fig. 11 can also be seen that, thanks to 
VVA (i.e. thanks to high torque at low speed), the difference between engine torque and 
road-load-torque in point B (∆B) is not much lower than in point A (∆A).  
 
Load Control of S.I. Engines 
 
A different application of VVA, involving only the intake valve, has been employed for 
s.i. engine load control, in conjunction with - or even instead of - traditional intake 
throttling in order to obtain a control characteristic that is  similar to that of the Diesel 
engine. Figure 12 shows a comparison between Diesel and Otto control characteristics 
with a conventional engine control system: air throttling considerably penalizes s.i. 
engines because it contributes to the bsfc increase at part-load with respect to the bsfc 
value at WOT. As an alternative, see Fig. 13, the total amount of the air/fuel mixture 
flowing into the combustion chamber during the intake period can be varied through 
appropriate advanced intake valve closing (in place of, or in conjunction with, the 
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ordinary throttle valve operation). In this way, typical losses due to throttle valve can be 
avoided, or at least reduced, and bsfc also decreases to some extent.  
 
Figure 14 shows, as an example, the effects of early-closing of the intake-valve on the 
Otto-engine control characteristic, where a remarkable improvement in fuel economy 
can be found at medium and low loads [6]. 
 
 
CLASSIFICATION OF VVA OPERATING PRINCIPLES AND DEVICES 
 
Various classifications have been drawn up, according to different criteria, in order to 
quickly identify the types and differences of any proposed devices. A simple 
classification is shown in this review, according to the type of valve actuation and its 
functioning mechanism:  

• Variable Lift and Timing by Means of Mechanical Devices.  
• Switching to Different Cam Profiles. 
• Variable Cam Phasing Systems.  
• Lost Motion Systems.  
• Camless Actuation (Electromagnetic / Electro-Hydraulic Systems).    

Some different  valve lift variation possibilities are shown schematically in Fig. 15. 
More sophisticated systems are able to vary several parameters such as phasing, lift 
opening duration or even a combination of all these possibilities. 
 
 
HISTORICAL OVERVIEW 
 
As the aim of this presentation is to outline some of the significant proposals of the last 
forty years, the following VVA systems are presented and briefly discussed:  
 
• FIAT VARIABLE LIFT AND TIMING SYSTEM (1969) 
• FIAT MULTI-DIMENSIONAL CAM MECHANISM (1971) 
• ALFA ROMEO VARIABLE VALVE TIMING (1983) 
• HONDA “VARIABLE VALVE SYSTEM” (1989) 
• PORSCHE VARIOCAM PLUS SYSTEM (1993 )  
• TOYOTA Variable Valve Timing & Lift, Intelligent (1998)   
• LOST MOTION SYSTEM of the POLITECNICO di TORINO (research activities from 

1964 to 1993) 
 
FIAT Variable Lift And Timing System (1969)  
 
The FIAT Variable Lift And Timing System, proposed by Torazza in 1969, is shown in 
Fig. 16 [7]. The valve (5) is operated by an oscillating-cam (3) which is actuated by 
means of an eccentric shaft (1) and a connecting rod (2): both valve lift and duration 
can considerably be changed through the finger-follower (4) with a variable axis 
position (6). Fig. 17 shows the valve event diagram (lift, speed and acceleration) of the 
two extreme positions of the VVA device, mounted onto a FIAT double overhead s.i. 
engine. The solid line curves correspond to higher lifts (L1) and longer event duration 
(T1), while the dashed line curves correspond to lower lifts (L2) and shorter event 
duration (T2). Experimental tests carried out on this s.i. engine showed a gain in torque 
and a reduction in fuel consumption at WOT for all the engine speeds, as shown in Fig. 
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18. For instance, a consistent increase in torque at low engine speed (bmep) was 
reached without deteriorating the maximum power at top engine speed. In more recent 
times (early 2000's) a similar device was designed by BMW for its "Valvetronic" VVA 
system [8,9,10]. The mechanism is shown in Fig. 19 and Fig. 20 (according to two 
different versions) where intermediate finger follower "6" is an oscillating element 
provided with a movable gudgeon, which can be shifted according to the control 
requirements. The function of this component is analogous to that of the already 
described finger follower in Torazza's device ("4" in Fig. 18).  
 
Multi-Dimensional Cam Mechanism (1971)  
 
The Multi-Dimensional Cam Mechanism is a VVA system that was proposed by Titolo 
in 1971 [11], where the lift and timing variations depend on the axial movement of the 
camshaft. In this manner, the different selected cam profiles allow the lift and also the 
timing to be changed. An early version of the mechanism is shown in Fig. 21, where the 
axial movement of the camshaft is actuated by means of a hydraulic device. 
 
The picture in Fig. 22-a shows how linear contact, and therefore acceptable loads, are 
ensured by employing a self-adjusting sliding-shoe that can rotate around an axis 
perpendicular to the camshaft axis. Fig. 22-b shows the valve lift diagrams, 
corresponding to three different positions of the cam: curves "S1" and "S2" are related 
to the opposite ends of the regulation field, while curve "Si" concerns a generic 
intermediate position of the cam itself. A close-up view of the lift diagram is also shown, 
where the influence of the different cam profiles on the closing time and, therefore, on 
the event duration can be appreciated.  
       
Later on this system was utilized by Titolo [12,13] on a two-litre Lancia engine and on a 
V8 four-litre Ferrari engine with four valves per cylinder. In these applications, a 
phasing variation system (which is described in the next section) was also added, in 
order to increase the possibilities of this multi-dimensional cam mechanism, as far as 
the timing variation is concerned, since, in the previous version of the mechanism, the 
timing variation was merely a consequence of the kinematic chain lash and therefore 
not under direct control.  
 
The engine performance of the V8 Ferrari engine is shown in Fig. 23 where, at 3000 
rpm, the bmep reaches 90% of its maximum value for the high performance 
characteristic.  
 
Alfa Romeo Variable Inlet Valve Timing - VIVT (1983) 
 
In 1983 Alfa Romeo presented a Variable Inlet Valve Timing (VIVT) system, designed 
for an engine with a double over-head camshaft, whose layout is sketched in Fig. 24, 
along with the timing diagrams for idle or high speed operation and for low speed, 
respectively [14]. As the valve overlap and the intake valve closing delay could be 
changed considerably with respect to their normal settings, it was possible to overcome 
the compromise between performance, high torque at low engine speed and idle 
quality. Unfortunately, this VIVT system only allowed two-stage operation at that time. 
Up-to-date systems of this kind are nowadays provided with continuous setting variation 
devices, which allow even better performances to be obtained.  
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The operating principle of these VVT systems is synthesized through the scheme in 
Fig. 25, where a drive sprocket is connected to the camshaft by means of an interposed 
sleeve. This sleeve has external helical splines and internal straight splines. When the 
sleeve is moved axially along the camshaft axis the phase angle between the drive 
sprocket and camshaft changes. The sleeve is usually operated by means of the 
engine oil pressure and by a return spring.  
 
HONDA Variable Valve-System - VTEC (1989)  
 
The "Variable Valve-System" proposed by Honda is shown in Fig. 26 [15]. Its main 
purpose was first to achieve 2.0 litre engine performance, with a 1.2 litre four-valve per 
cylinder engine, and at the same time to reduce brake specific fuel consumption. A 
camshaft with two series of cams is here employed: a first group of two cams is 
optimised for high torque at low engine speed and operates a corresponding group of 
"low-speed" rocker arms. A second cam is optimised for high power at top engine 
speed and operates a corresponding "high-speed" rocker arm. A lost motion piston 
ensures contact between the high speed cam and the rocker arm in all operating 
conditions.  
 
Details and the operating principle are shown in Fig. 27, where the engine 
performances are also exhibited, in terms of torque and power. At a low speed 
configuration, the central rocker arm is in idle condition and the valve lift diagram is 
imposed by the low speed cams. When the engine revolution speed overreaches the 
intersection of the two torque characteristics, which are obtained by means of the 
different cam profiles, the A and B pistons are shifted axially through the oil pressure in 
order to connect the high speed rocker arm to the adjacent low-speed rocker arms. In 
this way, the valve lift diagram is imposed by the high-speed cam profile. On the 
contrary, when the engine speed reduces under the characteristic intersection, the oil 
pressure drops, the stopper, through a return spring, again shifts the A and B pistons 
backwards and the central rocker arm is once more idle. The oil–circuit pressure is here 
governed through a solenoid-valve.  
 
PORSCHE Variocam Plus System – (1993)  
 
The Porsche Variocam Plus System is shown in Fig. 28 [16]. The working principle of  
this device is very similar to that of the Honda engine system (described above). Again 
in this case, two different cam profiles can be selected by shifting a locking piston, but 
now the piston is placed inside the bucket tappet and no additional rocker arm is 
required. This mechanism is currently employed on the Porsche 911 Turbo, along with 
a Hydraulic Variable Camphaser which enhances the possibilities of varying the cam 
timing.    
 
TOYOTA Variable Valve Timing & Lift, Intelligent - VVTL-i (1998) 
 
The Toyota Variable Valve Timing & Lift–intelligent (VVTL-i) [17] is somewhat similar to 
the previously described Honda and Porsche solutions (two-stage "Switching to 
Different Cam Profiles" category). Two different cam profiles per valve are employed on 
both the intake and exhaust camshafts for low and high speed, respectively. The high 
speed cam is activated by means of a sliding pin, which is pushed beneath the lost 
motion piston (which is placed under the finger-follower pad) by the engine lubricating 
oil pressure, as shown in Fig. 29. To achieve more flexibility, a variable cam phasing 
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system is added to the intake camshaft, which allows valve phase shifting in a wide 
crank angle range (up to 43 degrees).     
 
Proposal for a VVA System to Control the Otto Engine Load 
POLITECNICO DI TORINO (1964 – 1993) 
 
As previously mentioned, early intake-valve closing can be used to reduce air throttling 
in spark ignition engines, in order to lower the losses of the charge replacement and to 
improve the total engine efficiency (see Fig. 13). With this aim a particular VVA system 
was studied and developed at the "Politecnico di Torino" from 1964 to 1993 [18]. 
 
The intake valve VVA, whose operating principle is shown in Fig. 30, works as follows. 
A rotary valve, controlled by the camshaft, empties an oil-filled capacity placed in the 
valvetrain system, therefore the free closing stroke of the intake valve is determined by 
its spring. A particular device, a valve brake, eliminates the valve impact against the 
seat. The oil discharged from the capacity is stored in an accumulator before the tappet 
is refilled. In this way only the oil leakages are re-supplied. A typical inlet valve lift curve 
is shown in Fig. 31, along with the modified diagram for three different engine speeds, 
at two different crank angles.  
 
In 1974 the obtainable reduction in fuel consumption was theoretically estimated as 
some percents [19]. In 1981, the previous hydraulic system, set up out according to Fig. 
32, was utilized in a single cylinder four-stroke Otto engine and this made it possible to 
test engine performance using the early closing of the inlet valve instead of the throttle 
valve [20]. The reduction in fuel consumption at 2200 rpm (see Fig. 14) was about  6 % 
at medium loads and  12 % at low loads [6].  
   
Later on, in 1983, an equivalent system was also developed, in which a high-speed 
solenoid valve (HSSV) was used to control the oil flow from the capacity instead of the 
rotary valve, as shown in Fig. 33 [21,22]. The instantaneous lift of the intake-valve was 
detected by means of an inductive sensor. This VVA system was implemented in a two-
cylinder spark-ignition four-stroke engine for automotive applications, where electronic 
ignition and fuel injection systems were employed. 
 
The performance improvements shown in Fig. 34 were obtained at low engine speeds 
at wide open throttle by means of a variable delay of the intake-valve closing [23]. 
Further improvements were also obtained in idle conditions, using a late intake-valve 
opening, which positively affects the combustion process. The valve lift diagrams are 
shown in Fig. 35, for the original and modified operating modes. Benefits on the 
combustion process are also evident through the Coefficient of Variation of imep. The 
relative COV’s versus Spark Advance are shown in Fig. 36, for two different IVO 
advances. The COV’s in the picture are divided by the unmodified valve overlap 
condition value for each spark advance [6].   
 
Among the numerous manufacturing applications of lost-motion electro-hydraulic VVA 
systems that have been developed (Porsche 1989, Mercedes 1992, Fiat 1993, 
Siemens 1993, Honda 1994, IVECO 2004) mention should be made of the "Uniair" and 
"Multiair" solutions developed by FIAT, in collaboration with Magneti Marelli [24–31]. 
Improved performance and a marked reduction of both fuel consumption and CO2 
emissions have been reported, for a Multiair-equipped 1.4 litre engine, under road tests. 
A sketch of the FIAT Multiair VVA system is shown in Fig. 37, where all the main 
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elements can be recognized, and for the same operating purpose, as those in Fig. 30, 
32 and 33 (oil chamber, check valve, hydraulic brake, solenoid valve, etc.).  
 
Camless Valve Actuation Systems  
 
An interesting alternative to traditional cam-provided systems is that of camless 
devices. Two main categories can be recognized: 1) plain electromagnetic devices, 
where the force due to the magnetic field of the energized coils directly operates the 
valve, as depicted in Fig. 38, and 2) hydraulic devices, where the electromagnetic 
section is employed to control the hydraulic valve drive system, as shown in the sketch 
of Fig. 39.  
 
Camless systems have been extensively investigated by researchers [32–35], but to 
date they have not yet been implemented by manufacturers on mass-produced 
engines. Advanced studies have been carried out by AVL, Bosch, FEV, Lotus, Magneti 
Marelli, Sagem, Valeo, etc. Moreover, interesting cooperations have been developed 
between manufacturers and suppliers, such as BMW and Siemens, Mercedes and 
Temic, etc.  
 
The most important characteristic of such devices is that they would allow complete 
valve actuation control, and affect each feature of the valve cycle, i.e. opening and 
closing times, event duration, lift profile, speed pattern during the transition mode (in 
particular low "landing" speed), etc., independently of the engine cycle.  
The most recent experimental proposals even try to obtain the selection of different 
values for maximum valve lift by using one or two solenoid coils and anchors (armature) 
of various shapes (dish, sleeve, etc.), in order to obtain a fully flexible valve actuation 
(FFVA) system.  
 
 
CONCLUSIONS  
 
The large variety of VVA devices demonstrates the long interest of engine 
manufacturers in this kind of solution, which has led to a great management flexibility of 
the engine, with remarkable performance improvements as far as torque, power output, 
fuel consumption, pollutant emissions, etc. are concerned.   
 
Design developments, along with the extensive use of automotive electronic controls, 
make VVA technology currently far more reliable and less expensive than in the past. 
VVA systems are therefore likely to be employed more and more, not only for luxury 
and sport applications, but also in small engines for mass produced vehicles.     
 
The most ambitious target of the ongoing research effort is to achieve a fully flexible 
valve control, which is able to impose an advantageous management strategy on the 
valvetrain which is completely independent of the engine cycle.  
 
Very interesting and promising devices have been developed that are based on an 
electromagnetic or electro-hydraulic operating principle (especially the latter, at 
present), but they still require further development before application to mass produced 
vehicles.  
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Fig. 2.  Unconventional valvetrains with sliding 
valves [2].  
a) Itala, Daracq (1906), b) Cross (1920-1940), 
c) Aspin (1933-1977), d) NSU (1955), e) Bristol 
Hercules (1939), f) Knight (1903).   
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Fig. 1.   Conventional valvetrains with 
poppet valves [1].   

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.  Four-stroke  exhaust and intake process. Shaded 
area indicates work losses related  to the Exhaust Valve 
Opening Advance and  to pumping effect [1].  

 
4 - EVO ;  6s- EVC 
6A - IVO ;  1 - IVC 
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Fig. 5.  Effect of exhaust valve opening advance 
on four stroke engine cycle diagram [3]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 4. The phenomena of burnt gas back flow (left), which occurs at the 
beginning of the intake phase, and air mass flow rejection (right), which 
occurs at the end of the intake phase, without VVA systems [2].  
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Fig. 6.  Effects of overlap on the unburned hydrocarbon emissions in idle 
conditions for an s.i. engine [4]. 
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Fig. 7. Effects of the advanced IVO on the pressure 
standard deviation in idle conditions for an s.i. engine [5].  
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Fig. 8. Effects of late intake-valve closing (LIVC) on volumetric efficiency at 
3000 RPM [2]. 
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Fig. 9.  Effects of late intake-valve closing (LIVC) on volumetric efficiency at 
5000 RPM [2]. 
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Fig. 10. How variable valve timing affects the s.i. engine 
torque characteristic.   
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Fig. 11.  Variable valve timing satisfies both high 
acceleration performance and engine “elasticity” with a long 
gear for fuel economy (τ : transmission gear) [20].  
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Fig. 12. Comparison between Otto and 
Diesel control characteristics with 
conventional engine control systems.   

Power/Powermax

0

0.2

0.4

0.6

0.8

1.0

1.2

0 0.2 0.4 0.6 0.8 1.0

DIESEL

OTTO
Constant air/fuel ratio

bs
fc

Pm
ax

/b
sf

c

constant rpmRPM

OTTO  
Stoichiometric air/fuel 
ratio (Except for WOT)

Power/Powermax

0

0.2

0.4

0.6

0.8

1.0

1.2

0 0.2 0.4 0.6 0.8 1.0

DIESEL

OTTO
Constant air/fuel ratio

bs
fc

Pm
ax

/b
sf

c

constant rpmRPM

OTTO  
Stoichiometric air/fuel 
ratio (Except for WOT)

EIVCEIVCEIVC

 -------   Early closing of the intake valve 
              Conventional air throttling 

Pumping work reduction 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 13.  VVA as a means to control the 
Otto-engine load [18].   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14. Effects of early-closing of the 
intake-valve on Otto-engine control 
characteristic [6].   
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Fig. 15. Valve Event Variation Possibilities 
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Fig. 16.  FIAT Variable Lift And Timing System (Mechanical Device) - Torazza, 1969 [7] 

A: drive shaft axis

B: cam axis

D: movable finger follower axis

1: eccentric gudgeon

2: connecting rod

3: oscillating cam

4: finger follower 

5: valve

6: movable bearing

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 17. Valve event diagram (lift, speed and 
acceleration) corresponding to the two 
extreme positions of the control device [7].   
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Fig. 18. bmep, power and bsfc improvements 
in an s.i. engine, obtained by means of the 
FIAT VVA system [7].  
Dashed line : original characteristics  
Solid line : modified characteristics   
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Fig. 19. BMW Valvetronic VVA System 
[8,9,10]. 1) main cam, 2) control cam, 3) 
movable gudgeon, 4) spring, 5) finger 
follower, 6) intermediate finger follower, 7) 
step motor.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 20. Different version of the BMW 
Valvetronic VVA System [8,9,10].  
Components and numbers are the same 
as in Fig. 19.    
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Fig. 21. Multi-Dimensional Cam Mechanism (Cam Profile Switching System) - Titolo, 1971 
[11].    
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Fig. 22. a) Multi-Dimensional Cam Mechanism: details of the components placed between 
the cam and the valve; b) Lift diagram in trhee different cam positions: S1 maximum lift, 
S2 minimum lift, Si generic intermediate position [11,12].       
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Two - stage system 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 23. Performance of the V8 Ferrari engine equipped with the FIAT multi-dimensional 
cam mechanism and the phase variation system in two different settings [12].  

Ferrari V8 Engine (1991) Ferrari V8 Engine (1991) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 24. Alfa Romeo Variable Inlet Valve Timing VIVT (variable cam phasing system) – 1983 
[13].  
1) Solenoid, 2) Oil drain port, 3) Lock-ring, 4) Timing chain sprocket, 5) Actuating sleeve, 6) 
Sprocket support, 7) Camshaft, 8) Actuator, 9) Helical splines, 10) Spring, 11) Central body . 
A) Oil port (from engine), B) Actuating chamber, C) Oil port.  
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Fig. 27. HONDA Variable Valve System [14]: low speed configuration, with central rocker arm in 
idle conditions (left), high speed configuration, with central rocker arm engaged (right) and engine 
performance corresponding to both settings (centre).    
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Fig. 26. HONDA Variable Valve System VTEC [14] (Cam 
Profile Switching System) – 1989.      

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 25. Operating principle of Alfa 
Romeo Variable Inlet Valve Timing. 
1) Camshaft, 2) Camshaft drive 
sprocket, 3) Straight splines 
(between the camshaft and the 
sleeve), 4) Axial shifting of the 
sleeve (carried out by means of a 
pushing yoke), 5) Actuating sleeve, 
6) Helical splines (between the 
sleeve and the camshaft drive 
sprocket).   
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Fig. 28. PORSCHE Variocam Plus System (Cam Profile Switching System) [15] - 1) 
Locking spring, 2) Locking pin, 3) Inner tappet, 4) Outer tappet, 5) Lost motion spring.    
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Fig. 29. TOYOTA Variable Valve Timing & Lift  - Intelligent VVTL-i [16] - (Cam Profile 
Switching System) – 1998      
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Fig. 30. Early proposal of a VVA device (Lost Motion System) [17] – Politecnico di 
Torino, 1964.  

rotary valve

push rod

valve brake

accumulator

ch
ec

k 
va

lv
e

bucket camshaft

tappet

oil
chamber

rotary valve

push rod

valve brake

accumulator

ch
ec

k 
va

lv
e

bucket camshaft

tappet

oil
chamber

rotary valve

push rodpush rod

valve brakevalve brake

accumulatoraccumulator

ch
ec

k 
va

lv
e

ch
ec

k 
va

lv
e

bucketbucket camshaft

tappet

oil
chamber

oil
chamber

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 31. Typical inlet valve lift curve (solid line) and free closing curves (dashed lines) 
at three different engine speeds (a,b,c) and for two different crank angles [18].  
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fig. 33. Electro-hydraulic system for 
variable intake valve closing (1983) [20].  
As : push rod; Cp : governing oil chamber;  
Cm: camshaft;  
HSSV : high speed solenoid valve ;  
M : spring;  
Pa  : upper bucket;  
Pc  : lower bucket;  
Rp  : refilling duct; Sv  : emptying duct.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 32. Hydraulic system tested for 
variable intake valve closing (1981) [19].  
As: push rod; Cm; camshaft; Ci: valve-
brake cylinder; Cp: oil capacity; Ds and Df: 
Rotating and "Fixed" Distributors; Ft: radial 
holes; Fc, Fr: Valve-brake holes; Rb, Rp : 
reinstatement ducts; Sc: splines; St: valve-
brake piston; Sv: emptying duct; V1: check 
valve.  
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Fig. 34. Improvement of the torque characteristic by means of VVA at wide open 
throttle by means of a variable delay of the intake-valve closing [21].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 35. Experimental detection of intake-valve lift vs time [22]: idle condition, late 
intake-valve opening. Original (a) and modified (b) valve lift diagrams.  
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Fig. 38. Working principle of the   
Camless System. 1) intake valve; 2) 
spring; 3) stopper; 4) attraction / 
repulsion coil; 5) armature.  
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Fig. 37. FIAT Multiair System (Lost 
Motion Electro-Hydraulic Device) [29] – 
1993 and later. 1) intake valve; 2) hydraulic 
brake; 3) tappet; 4) cam; 5) oil chamber; 6)  
solenoid valve; 7) accumulator.  

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 36. Relative imep Coefficients of Variation 
(COV) versus Spark Advance for two different  
IVO Advances [22]. The COV’s are divided by 
the unmodified angle of valve overlap for each 
spark advance.   
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Fig. 39. Schematic of the Camless System [35]. 




