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162 T. W. Asmus 

well as to increase the turbulent flame speed. Therefore, under certain circum

stances this unavoidable intake valve throttling may be used to advantage. 

Figure 6 illustrates the effect of relatively small changes in the timing of 

EVC on the pseudoflow velocity curve. In a similar fashion comparative levels 

of intake valve throttling owing to changes in the timing of IVO or intake valve 

lift may be assessed. 

B. Discussion of Valve Timing 

Each of the four valve-timing points will be discussed in tum. 

1. Intake Valve Opening (IVO) 

This timing point must be seen not only as the beginning of intake process 

but also as the beginning of the valve overlap period in those instances where 

valve overlap is present. When IVO occurs substantially before TDC in naturally 

aspirated engines, exhaust flows from the combustion chamber into the inlet 

system driven by a pressure gradient. The exhaust-diluted fresh charge begins 

to flow into the cylinder only after the cylinder pressure is reduced to some level 

below that of the intake manifold by virtue of piston motion. The point at which 

this occurs depends upon the timing of EVC, the pressures in the intake and 

exhaust manifolds, and the compression ratio. Typical conditions most conducive 

to extensive exhaust back flow are low engine speeds, low intake manifold 

pressures, early IVO, late EVC, and low compression ratios. The engine op

erating condition generally associated with the consequences of extensive exhaust 

back flow is idle, although back flow may occur to a smaller degree at all speeds 

and loads and may even have adverse effects on WOT performance. 

Delaying the IVO tends to isolate the intake manifold from the cylinder 

until the cylinder and the intake manifold pressures are more nearly equal. Further 

delays in the IVO may actually cause the cylinder pressure to dip below the 

intake manifold pressure momentarily. Aside from any incremental pumping 

work which may result from this condition, it is not necessarily seen as detri

mental to volumetric efficiency as there may be adequate time later in intake 

stroke for recovery of any flow loss. (Recall that maximum intake valve lift 

occurs after maximum piston velocity.) IVO typically occurs in the range of 

100_250 BTDC. It has been found experimentally* and analytically(l5) that engine 

performance is relatively insensitive to this timing point and that it may, under 

certain conditions, be delayed significantly without incurring performance pen

alties. 

* Unpublished results from Chrysler Corporation. 
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2. Intake Valve Closing (IVC) 

This timing point always occurs beyond BDC following the intake stroke 

providing more time for cylinder filling under conditions where cylinder pressure 

is below the intake manifold pressure at BDC, i.e., at high engine speeds. 

Delaying IYC causes the volumetric efficiency to increase at higher engine speeds 

while penalizing it at lower speeds. At lower engine speeds where the intake 

manifold and cylinder pressure are equal at BDC, some fresh charge is pushed 

back into the intake manifold prior to IYC. To assess the relative fractional 

losses in low-speed volumetric efficiency attributable to this loss mechanism, 

consider the following relationship: 

% Loss = [a~:)] 100 

Vs 
(7) 

where Vs = swept volume/cylinder. 

Equation (7) is plotted for a particular engine in Fig. 7. Note the typical 

range for the timing of IYC (400~O ABDC) and how the specific loss due to 

late IYC falls in the range of 0.42-O.65%/deg. This argument is based on the 

assumption that the engine speed is sufficiently slow that there is no valve 

throttling and that the valve-timing point coincides with the cessation of flow. 

While these assumptions limit the absolute accuracy of the results, they are 

useful and interesting on a comparative basis and can aid the establishment of 

effective valve-timing strategies. 
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FIGURE 7. Low-speed volumetric efficiency loss to late EVC and late IVC for the Chrysler 

2.2-liter engine. (See Table I for specifications.) 
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3. Exhaust Valve Closing (EVC) 

This timing point must be seen not only as the end of the exhaust stroke 

but also as the end of the valve overlap period in those instances where valve 

overlap is present. EVC typically falls in the range of 80 _200 ATDC and therefore 

may significantly affect BGF both at idle and at WOT. At idle it regulates the 

quantity of exhaust allowed to flow back into the combustion chamber through 

the exhaust valve under the influence of intake manifold vacuum. At WOT and 

high engine speeds it regulates how much exhaust is allowed to escape. Late 

EVC favors power at the expense of low-speed torque and the idle condition. 

Referring once again to Eq. (7) and Fig. 7 note that the specific loss due to late 

EVC is in the range of 0.15--O.35%/deg., i.e., the rate at which EVC affects 

low-speed volumetric efficiency is about one-half that of IVC. Note also that 

late EVC reduces low-speed volumetric efficiency by increasing the BGF while 

late IVC regulates the mass of trapped charge. This timing point should be 

established such that at the desired power peak the cylinder pressure is minimally 

above the exhaust back pressure at IVO. This will be discussed later in terms 

of P-V diagrams of pumping loops. 

4. Exhaust Valve Opening (EVO) 

This timing point is fixed well before the end of expansion stroke such that 

blowdown can assist the scavenging process. The major performance criterion 

for selecting the timing of EVO is to ensure that the cylinder pressure is reduced 

to near the exhaust manifold pressure at or as soon as possible after BDC 

following the expansion stroke over the entire engine speed range. The pumping 

loss is minimized and the scavenging efficiency maximized if the cylinder pres

sure during the exhaust stroke does not rise appreciably above the exhaust man

ifold pressure. The timing point of EVO affects the cycle thermal efficiency as 

it regulates the expansion ratio. Consider the simple expression for Otto cycle 

thermal efficiency. 

[ ]

k-l 

TJ(~) = 1 - r)~) (8) 

and 

where Vc = clearance volume at TDC and re(~) = instantaneous expansion 

ratio. 
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Differentiation of Eq. (8) with appropriate substitution of Eq. (9) gives 

[ all(~)] {(7rb2
) ) -k 

~ = (k - 1) 1 + 4Vc [R + , - , . cos ~ - (R2 - r . sin2~)1I2] 

X ,'sm + -- --[ . r . sin ~ cos ~ ] ( 7r ) (7r~) 
~ (R2 - r . sin2~)112 1800 4Vc 

(10) 

Plots of Eqs. (8)-(10) for a particular engine are shown in Fig. 8. Note in Fig. 

8(a) and (b) how all three dependent variables are relatively invariant between 

1200 and 1800 ATDC and how, for the normal range of EVa, the rate at which 

efficiency is lost due to early EVa is in the range of 0.07-0. 12%/deg. The 

assumptions involved are instantaneous heat release at TDe and cessation of 

expansion at the timing point of EVa. These loss rates are directly comparable 

with those derived previously in reference to Ive and EVe, i.e., both volumetric 

and thermal efficiency losses have a direct and comparable bearing on indicated 

torque or !MEP. It is clear that, within the normal range of EVa, this timing 

point is less significant in terms of lost low-speed performance than either Ive 
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FIGURE 8. Instantaneous Otto cycle loss to early EVO for the Chrysler 2.2-liter engine. (See Table 

1 for specifications.) 
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or EVC. Therefore, the timing of EVO should be sufficiently early to satisfy 

high-speed performance criteria, though no earlier than what can be justified on 

this basis because thermal efficiency at all engine operating conditions will be 

adversely affected though to a small degree. This will be discussed later in terms 

of P-V diagrams of pumping loops. 

c. Discussion of Valve Lift and Valve Sizes 

Valve timing, valve lift, and valve sizes combine to yield what, for the 

purpose of this discussion, are termed valve events. These valve event parameters 

are interrelated making it impossible to establish, a priori, an optimum set of 

design criteria. 

1. Valve Lift 

It should be recognized that the flow area created by valve lift may be 

limited by the minimum flow area in either the valve throat or in some port 

section. Though at the maximum lift point any "excess" lift may yield only a 

small incremental flow capacity, it does ensure that the maximum effective flow 

area is available longer, i.e., over a broader range of piston travel. Consider, 

for example, the lift and flow area curves shown in Fig. 3. A reduction in lift 

would have the effect of shortening the plateau on the flow area curves. Any 

observed changes in engine performance resulting from lift modifications may 

be a result of changes in flow capacity on the respective closing sides of the 

flow area curves. Reference is made to Sec. IV.A and the discussion of the basic 

mismatch between valve flow areas and piston motion. This mismatch, at high 

speeds, tends to yield a constriction during the final portion of the exhaust stroke 

which may be affected by closing-side lifts. Similarly, during the intake stroke 

the occurrence of high volumetric efficiency at high speeds depends upon the 

intake valve flow capacity as the piston approaches BDC and as the cylinder 

pressure rises from its depressed state early in the intake stroke. It is never 

desirable to provide more valve lift than what can be justified on the basis of 

engine performance. To do so invariably raises valve gear acceleration rates and 

surface stresses and imposes the need for high-load valve springs to prevent 

valve floating. This may yield unnecessarily high valve gear friction. 

2. Valve Sizes 

Within the constraints imposed by cylinder head construction, engines are 

generally designed with the maximum combined valve sizes, and the ratio of 

intake-to-exhaust valve sizes is typically based on past experience. Stroke-bore 

ratio is one of the principal factors determining the total valve area in relation 
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to swept volume. Though there is no universally accepted valve size ratio, the 

range in modem high-speed, four-cylinder engines is approximately 1.1 to 1.3 

intake/exhaust. It is interesting to bear in mind that the volume of exhaust which 

must flow out of the cylinder through the exhaust valve is approximately 2.75 

times the volume of fresh charge that flows into the cylinder by way of the intake 

valve. Some insight can be gained as to the appropriateness of a given valve 

size ratio by analysis of P-V diagrams of pumping loops. This subject will be 

discussed later. 

V. VALVE EVENT STRATEGIES 

A. Overview 

The discussion which follows concentrates on the optimization of valve 

events for automotive-type engines employing well-known types of valve gear. 

It is recognized that there are many engine-specific items which preclude a priori 

specification of optimum valve event parameters. Therefore, emphasis will be 

placed on the establishment of general direction. 

It is widely recognized that valve events affect engine operation at idle and 

at WOT. Valve overlap affects combustion at idle while all aspects of valve 

events may influence volumetric efficiency at WOT and therefore, are deter

minants of engine performance. In the intermediate, part-throttle range valve 

overlap affects combustion as it does at idle but to a smaller degree. It is 

fundamental that combustion at idle is marginal because of excessive exhaust 

dilution, i.e., the BGF is too high. Valve overlap increases the BGF and is 

detrimental to the idle condition. At many part-throttle conditions the inherent 

BGF is sufficiently low that additional quantities of exhaust can be added to 

control NOx without adversely affecting combustion. It makes little difference 

whether additional exhaust is recycled via valve overlap or externally via an 

EGR system providing both methods yield equivalent cylinder-to-cylinder dis

tributing of EGR. Valve overlap tends to provide its maximum dosage of EGR 

when it can least be tolerated and provides for only small dosages when the 

engine can best assimilate it. Therefore, valve overlap is not seen as a practical 

means of controlling NO" at part throttle since EGR systems perform this function 

very well. Volumetric efficiency as determined by valve events is clearly not 

important at part throttle as inlet throttling is a deliberate means of reducing 

volumetric efficiency to control power. 

Therefore, idle and WOT performance are the rightful concerns of valve 

event optimization, and any part-throttle effects must be seen as lower priority. 

Optimization of valve events must then be seen as a task involving the min

imization of valve overlap while maximizing WOT performance. 
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Variable Valve Actuation Systems 

Abstract   Internal combustion engines today represent a class of heat engines 

marked by their high power-to-weight ratio, making them the suitable choice for 

portable power solutions. Being reliable and robust, their widespread use in 

commercial vehicles is therefore implicitly justified. Being a heat engine, the 

efficiency and performance of an IC engine is limited by the temperature of heat 

addition and rejection. Moreover, with the inherent irreversible and non-ideal nature 

of the various processes of the power cycle, a fraction of the ideal thermodynamic 

efficiency is realised accounting for the low overall thermal efficiency. The text that 

follows is centred around the gas exchange process in an IC engine. The working 

of conventional camshaft driven valve train systems, which have been in use for 

quite a long time, has been discussed followed by its limitations and their 

repercussions on the performance and efficiency of an IC engine. The origins of the 

unavoidable pumping losses accompanying load control using a throttle valve have 

been explained. An overview of the various strategies and methods used in 

commercial vehicles to mitigate such losses (variable valve timing and variable 

valve lift) has been given while providing some insight into the working of some 

experimental variable valve actuation systems. The discussion then shifts to fully 

flexible camless valve actuation systems explaining the working of some popular 

actuation systems, highlighting their advantages and limitations. The basic control 

logic of such systems is then discussed followed by a list of some unique attributes 

and advantages of the same. Few experimental results from the literature have also 

been cited to substantiate the utility of variable valve actuation systems.

Keywords: Valve train, Camshaft, Throttling, Pumping losses, Valve lift, Valve 

timing, Valve event duration, Intake valve opening (IVO), Intake valve closing 

(IVC), Exhaust valve opening (EVO), Exhaust valve closing (EVC), Variable valve 

actuation (VVA), Camless system

1 Introduction

Right from the inception of the four stroke internal combustion (IC) engine, valves 

and their design have played an important role in the gas exchange process. The gas 

exchange process in any IC engine deals with two fundamental functions. The first 

is the induction of fresh air fuel mixture, as in a port injection spark ignition (SI) 

engine, or air, as in a compressed ignition (CI) engine or direct injection into the 
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engine cylinder(s) during the intake stroke (here onwards, we will be referring both 

air and air-fuel mixture as charge). The second function is the ejection of 

combustion products from the engine cylinder(s) after the power stroke. 

Additionally, an important function of the gas exchange process interlinks intake 

and exhaust events to produce a mixed bag of effects, which can either improve or 

deteriorate the performance of an IC engine. Valve events, as a result strongly 

dictate the overall efficiency and performance of an internal combustion engine. 
In order to control the opening and closing of the intake and exhaust valves, IC 

engines, for a long time, have used mechanical couplings to co-ordinate timing of 

the valve events with crankshaft rotation. In order to increase the power output for 

a given cylinder displacement, IC engines need to operate at high rotational speeds. 

This in turn implies that the valves have a very small time period for their opening 

and closing. The situation is self-explanatory why a mechanically linked valve train, 

marked by its robustness and 

reliability was the obvious 

choice for the early designers of 

the IC engine. Most IC engines 

today use a cam and follower 

mechanism for actuating the 

intake and exhaust poppet 

valves. Depending on the 

number of the cylinders and 

valves, a number of cam lobes 

are fastened on to a shaft which 

is called as the camshaft. A 

chain drive mechanism 

connects the crankshaft and the 

camshaft(s) with a gearing ratio 

to rotate the camshaft(s) once 

for every two rotations of the 

crankshaft as shown in Fig. 1. 

1.1 Limitations of conventional valve actuation systems 

With a mechanical coupling in place between the crankshaft and the camshaft(s), 

one no longer needs to worry about the synchronisation between valve event timing 

and engine speed. This makes the system reliable and with proper design of the 

valve train components, the system becomes quite robust. However, one needs to 

understand that the synchronisation is with respect to crank and cam angular 

positions and not time. In other words, as the speed of the engine increases, time 

available for the intake and exhaust processes decrease, although the relative 

opening and closing angular positions remain the same. Though the mass of fresh 

Fig. 1 Traditional mechanical cam drive train 

(reproduced from [1]) 
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charge that the engine needs to draw in is speed invariant, the time available for the 

very same process keeps on reducing as engine speed increases. The performance 

of an engine with the valves opening and closing at appropriate top dead centre 

(TDC) and bottom dead centre (BDC) angular positions of the crankshaft will suffer 

with an increase in engine speed. The engine finds it difficult to breathe in the 

limited time available at high engine speeds owing to increased frictional losses and 

possible choked flow conditions as the charge travels at high velocities through the 

intake tract. Similarly, exhaust flow will also be restricted at high speeds due to 

lesser time available for expansion of the combustion products in addition to the 

reasons mentioned above, resulting in exhaust back pressure. Consequently, the 

engine experiences a low volumetric efficiency. One can reason that the valve 

opening and closing angular positions may be spread out i.e., the intake valve(s) can 

open early before the TDC and close late after BDC, and similarly with the exhaust 

valve(s). This does turn out to be beneficial at high engine speeds with added inertia 

of the fast moving intake and exhaust streams. The performance in such a situation 

however, would suffer at low speeds due to loss of effective compression of the pre-

combustion mixture. The compressed charge could now exit through late closing 

intake valve(s) during compression or combustion products might enter into the 

intake manifold due to late closing exhaust valve(s) during the exhaust stroke and 

dilute the incoming fresh charge. The latter is an issue associated with what is 

popularly known as valve overlap. Parvate-Patil et al. [2] have assessed the 

philosophies concerning the timing of different valve events and their effect on the 

pressure-volume (p-V) cycle of the engine. With fixed angular timings of the valves, 

most engines with camshaft driven valve trains are designed with a compromise 

between high and low speed performance. The valve opening and closing positions 

are chosen so as to have a good performance in a narrow speed range at which the 

engine operates most of the time. This is the reason one finds racing engines with 

large valve duration camshafts and commercial vehicles with comparatively smaller 

duration camshafts. Hence, one finds engines whose valve trains are particularly 

tuned and optimised for a specific range of engine speed. Operating the engine at 

any speed outside this narrow band usually incurs performance and efficiency 

drops. 

The lift profile of the valves in almost all camshaft driven valve trains have the 

same nature evident from their lift curves. Alterations, no doubt, do exist but are 

mainly centred around the maximum lift and the duration of the lift event. This is 

due to the fact that cam lobes need to have a continuous shape or profile in order to 

have smooth operation. As the camshaft rotates at very high speeds the associated 

accelerations and dynamic loads leave little room for aggressive lifts, necessary to 

have a good airflow. Moreover, one also has to ensure negligible valve seating 

velocities in order to maintain the structural integrity of the valve train. Assanis and 

Polishak [3] have developed and used a computer simulation to study the effect of 

cam design and resulting valve events on engine performance. Another limitation 

of a camshaft driven valve train is the load and speed invariant, fixed valve lift. 

Particularly at low engine loads or speeds or both, as in idling, when the required 

charge mass flow rate is small, a large (full) valve lift implies a large flow area for 
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the incoming charge and consequently, a small charge intake velocity. This results 

in low in-cylinder turbulence which may lead to poor combustion efficiency and 

higher emissions particularly in SI engines. A direct consequence of this limitation 

is the requirement of a throttle valve in SI engines for controlling the mass flow rate 

of incoming charge. 

1.2 Throttling and pumping losses 

A throttle valve sits between the ambient atmosphere and the air intake system, and 

operates by simply controlling the area available for the fresh air to flow into the 

intake tract, thereby controlling the mass flow rate of air into the engine. For wide 

open throttle conditions, when one needs maximum power output from the engine, 

the obstruction to air flow due to the valve is negligible. However, operating at part 

load conditions with reduced mass flow rates, the throttle valve creates restriction 

for the incoming air flow which manifests itself as a pressure drop. This pressure 

drop across the throttle valve implies that the intake system downstream of the 

throttle valve is now in partial vacuum. As such there is a pressure differential across 

the piston, with near atmospheric 

pressure on the crankcase side and sub-

atmospheric pressure on the intake (or 

exhaust) valve side. The charge 

induction or cylinder filling process 

which should ideally take place at zero 

pressure differential across the piston 

now requires additional work to draw 

charge into the cylinder. Hence, the air 

induction process which is theoretically 

represented as a straight line in the p-V 

diagram for an Otto, Diesel or dual 

power cycle becomes the lower curve 

representing the intake pumping work in 

the pumping work loop. The exhaust 

process similarly takes place against a 

pressure differential across the piston 

with near atmospheric pressure on the 

crank case side and slightly higher 

pressure than atmospheric on the 

exhaust (or intake) valve side due to 

restricted exhaust flow or insufficient 

time for blow-down. The exhaust 

process is therefore, represented by the 

upper curve of the pumping work loop 

in the p-V diagram rather than 

Fig. 2 Valve timing diagram in relation with pV 

diagram for conventional four stroke SI engine 

(reproduced from [2]) 
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theoretical straight line. Usually the pressure differential due to throttling is 

relatively more feasible to manage as compared to the one on the exhaust side and 

increases with a decrease in throttle angle or increase in flow restriction at the 

throttle. The size of the pumping loop is representative of the specific work that is 

lost due to throttling and exhaust back pressure (shaded region in Fig. 2). Thus, the 

throttling process while trying to reduce the mass flow rate of incoming air also 

reduces the net specific work output of the engine with part of the work produced 

by the engine lost to the pumping process. If it were possible to avoid the pumping 

work, the same net specific work output could have been obtained at the expense of 

lesser fuel consumption. Thus, part load operation by the aid of a throttle valve ends 

up reducing the overall brake thermal efficiency of the engine in addition to 

reducing the mass flow rate of air being drawn into the engine. 

2 Variable Valve Timing and Lift 

An intuitive solution to the problem of pumping work in throttled engine operation 

would be to do away with the throttle valve itself and directly control the timing as 

well as lift of the intake valve(s) in order to regulate the air flow into the engine. 

The exhaust pumping work can be similarly minimized by suitable controlling the 

lift and timing of the exhaust valve(s) to reduce exhaust back pressure. In order to 

incorporate such flexibility into the valve train, one can make significant 

modifications to the camshaft. One can also introduce intermediate systems or 

mechanisms between the camshaft and the valves or in the most extreme case, one 

can completely do away with the camshaft and use a variety of electronically 

assisted control systems to directly govern the lift and timing of the valves. The 

aforementioned methods to control the lift and timing of the intake and exhaust 

valves of an IC engine are collectively known as Valve Timing (VVT), Variable 

Valve Lift (VVL) or Variable Valve Actuation (VVA) systems. Modifications to 

the camshaft to have variable valve lift and timing control have been carried out by 

many automotive manufacturers, and such technologies are being used in many 

vehicles of everyday use. The last alternative of replacing the camshaft with a new 

control system is popularly known as the camless valve train system and is seeing 

a lot of research and development.  

Researchers have investigated a number of ways to reduce the pumping work 

encountered during throttled engine operation. Shelby et al. [4] have outlined a new 

method for calculating the pumping work and indicated work in a four stroke IC 

engine and analysed the role of VVT, intake charge dilution (stratified lean 

operation) and cylinder deactivation in reducing pumping work by its reflection on 

pumping mean effective pressure (PMEP). Schirm et al. [5] have studied the effect 

of late IVC on pumping losses of an unthrottled engine, in which the relative phase 

between the two intake cams of the same cylinder can be varied and have reported 

a reduction in fuel consumption at part load conditions. Koo and Bae [6] have 

investigated the effects of an adaptive valve timing control system on volumetric 
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efficiency, engine torque and pumping losses through computer simulation, and 

have reported improved low end torque (by about 6% at 1000 RPM and 10% at 

5000 RPM) and reduced pumping losses. Fontana et al. [7] have numerically and 

experimentally analysed the combustion process of a small displacement, 2 valve, 

SI engine, with variable valve timing, and have reported up to 36% reduction in 

pumping work and 7.7% improvement in thermal efficiency. Moro et al. [8] has 

presented the thermodynamic analysis of an innovative engine load control based 

on electronic control of intake and exhaust valves, and internal exhaust gas 

recirculation (EGR). 

A variable valve actuation system as mentioned previously, allows one to 

flexibly control the timing and lift of the engine valves according to the speed and 

load on the engine. VVA systems today not only target at reducing pumping losses 

but also at improving the overall efficiency of the engine by functioning as a better 

air management system as compared to fixed valve lift and timing systems. 

Schechter and Levin [9] have discussed the advantages that a variable valve 

actuation system, particularly a camless valve train can impart to a SI engine. A 

good volumetric efficiency across the entire speed range, in-cylinder charge motion 

control, efficient charge mixing, improved combustion, improved low end torque, 

improved idle stability, selective cylinder deactivation and internal exhaust gas 

recirculation are, to name a few of the functionalities that a VVA system can add to 

an engine apart from reducing pumping losses. As cited by Shelton [10], Ahmad 

and Theobald [11] have classified the different VVA systems into five different 

groups based on the level of sophistication and the extent of timing variation. Most 

of today’s production VVA systems from various automotive manufacturers and 
new systems being investigated by researchers easily fit into any one of these 

groups. The classification may be given as systems which have the following 

attributes: 

i. Discretely variable lift and duration (interdependent)  

ii. Continuously variable lift and duration (interdependent) 

iii. Fixed lift and discretely variable phasing 

iv. Fixed lift and continuously variable phasing 

v. Fixed lift and discretely variable duration 

vi. Fixed lift and continuously variable duration 

vii. Discretely variable lift and discretely variable phasing (independent) 

viii. Discretely variable lift and continuously variable phasing (independent) 

ix. Discretely variable lift and discretely variable phasing (interdependent) 

x. Continuously variable lift, duration and phasing (independent) 

2.1 Current variable valve actuation technologies 

2.1.1 Cam switching 
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Honda’s Variable Valve 

Timing and Lift Electronic 

Control (VTEC) system is a 

classic example of discrete 

cam switching VVA 

technology. The VTEC 

system as shown in Fig. 3 

consists of two sets of 

different sized cam lobes 

mounted on the same 

camshaft and two sets rocker 

arms hinged about the same 

point. The two identical cam 

lobes at the two ends of the 

assembly have their lift 

profile optimised for low 

engine speeds. As such they 

have low lift and short 

duration. The larger cam 

lobe at the centre has its lift 

profile optimised for high 

engine speeds. As such it has 

a higher lift and a longer 

duration as compared to the 

other cam lobes. The two 

identical rocker arms at the 

two ends directly act on the 

poppet valves to actuate them, while the central rocker arm does not have any direct 

linkage with the valves. The three rocker arms can be linked together to work as a 

single rocker arm by using a solenoid valve controlled, oil pressure actuated locking 

pin. At low engine speeds, the locking pin is unengaged and the poppet valves are 

actuated by the low lift and short duration cam lobes via the rocker arms at the two 

ends to ensure the required charge flow. At high engine speeds, the locking pin is 

engaged when the three rocker arms are following the base circles of their respective 

cam lobes. Once locked, the rocker arm assembly is now actuated by the high lift 

and long duration cam lobe while the other two cam lobes lose contact with their 

follower rocker arms as soon as the lift event on the central cam lobe initiates. Thus, 

the demand for increased charge flow at high engine speeds is met by a sudden 

increase in valve lift and duration which is marked by a step increase in engine 

torque. This can lead to driveability issues and is usually accompanied by changes 

in fuel injection and ignition timing to smoothen out the shift [12]. The system again 

switches back to low lift and short duration operation when engine speed falls. The 

operating engine speed at which the switch takes place lies in a narrow speed range 

and is controlled by the engine control unit (ECU) [13]. Audi’s cam switching VVA 
system, Valvelift uses helical grooves machined on individual cam lobe assemblies 

to switch cams. Each cam lobe assembly comprises of two cam lobes having 

Fig. 4 Valve lift profiles for cam switching systems (lift 

normalised with maximum lift, reproduced from [12]) 

Fig. 3 Honda VTEC system (Honda Motor Company website, 

2004, reproduced from [12]) 
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different lift and timing mounted next to each other and capable of sliding over the 

camshaft on sleeves. Whenever the ECU senses a need for changing the lift and 

timing, a solenoid controlled and engine oil pressure actuated switching pin engages 

on to the groove on the concerned cam lobe assembly. With the rotation of the 

camshaft, the pin traverses the helical groove, which in turn slides that particular 

cam assembly over the camshaft, switching to a new cam lobe with altered lift and 

timing. Mercedes Benz use slightly altered variant of the same technology going by 

the brand name Camtronic [14]. 

2.1.2 Cam phasing 

Cam phasing is the 

simplest form of VVT [15] 

in which the relative phase 

difference between the 

crankshaft and the 

camshaft is varied by 

suitable means. Cam 

phasing in its standalone 

form does not change the 

valve lift or valve event 

duration. Hence, it is 

associated only with 

advancing or retarding 

valve opening time and 

consequently valve 

closing time. The phase 

difference between the 

crankshaft and the 

camshaft, and between 

multiple camshafts can be 

introduced in a number of 

ways. Almost all methods 

of cam phasing use a 

camshaft that can rotate up 

to a certain extent with 

respect to its timing drive 

(sprocket, pulley or gear). 

A popular cam phasing 

mechanism uses a suitable 

flow control valve to 

controls the flow of 

hydraulic fluid (usually 

engine oil) into an internal 

Fig. 5 Delphi vane type VCP system (reproduced from [16]) 

Fig. 6 Valve lift profiles for cam phasing systems (lift 

normalised with maximum lift, reproduced from [12]) 
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vane mechanism mounted 

coaxially between the 

timing drive and the 

camshaft. The housing is 

made integral with the 

timing drive while the 

vanes rotate with the 

camshaft. The amount of 

oil held between the vanes 

and the housing, decides 

the relative phase 

difference between the 

camshaft and the timing 

drive, and consequently 

the crankshaft. Such a 

system has been used by 

Delphi in its Variable Cam 

Phaser (VCP) system [16]. 

Depending on the 

construction of the control 

valve, both discrete as well 

as continuously variable 

cam phasing operations 

can be achieved. Much 

like Audi’s Valvelift, cam 

phasing can also be 

achieved by using helical 

splines as shown in Fig. 7 

[12], where the camshaft 

slides and rotates along a 

helical path, relative to its 

timing drive to achieve 

discretely or continuously 

variable cam phasing. Another method to achieve variable cam phasing involves 

changing the path or the shape of the path of the timing chain or belt by using 

movable idler sprockets/pulleys or chain/belt guides. The one shown in Fig. 8 uses 

a hydraulic adjuster to change the path of the timing chain between two camshafts 

to change their relative timing [12]. BMW’s VANOS, Ford’s Variable Camshaft 
Timing (VCT), Dodge’s Variable Valve Timing (VVT) and Toyota’s Variable 

Valve Timing with intelligence (VVTi) are some production cam phasing VVT 

technologies. Porsche’s Variocam Plus combines cam phasing and cam switching 
technologies for their VVA systems [14]. 

2.1.3 Multi cam systems 

Fig. 8 Typical VCP system based on drive path change (Hilite 

International website, 2004, reproduced from [12]) 

Fig. 7 Typical helical spline type VCP system (Auto 

Innovations Website, 2004, reproduced from [12]) 
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Multi cam VVA systems 

allow continuous 

adjustment of both valve 

lift and valve event 

duration [17]. Such 

systems use an 

intermediate cam lobe and 

follower between the 

camshaft and the poppet 

valves to incorporate 

another degree of freedom 

to control the valve 

motion. The motion of the 

intermediate cam lobe is 

controlled by the ECU, 

which in turn decides the 

motion of the intermediate 

follower acting on the poppet valves, deciding the final lift and duration. The 

intermediate cam lobe essentially changes the fulcrum of the intermediate rocker 

arm that actuates the valves, in turn changing the rocker ratio. The multi cam system 

can be considered analogous to a proportional gain element in control theory having 

its value varying between zero and one, altering the maximum valve lift and event 

duration in the same ratio. The construction of the multi cam system as such makes 

valve lift and event duration interdependent rather than providing independent 

control over both. The BMW Valvetronic [18], Nissan Variable Valve Event and 

Lift (VVEL) and Toyota Valvematic are some examples of the multi cam system 

that act on the intake valves only [14] [15]. 

Other VVA systems that have been 

investigated upon include the eccentric cam 

drive, three dimensional cam lobe, two shaft 

combined cam lobe profile and the helical 

camshaft [15]. Kreuter et al. [19] have 

presented a mechanical continuously 

variable valve timing system which uses two 

camshafts together acting on the intake 

valve(s) to output a displacement equal to the 

sum of the effective displacements of the two 

cams. Hara et al. [20] have developed an 

eccentric VVT control scheme in which 

valve timing is continuously controlled by 

varying the camshaft angular speed by means 

of an offset between the centre of the 

camshaft and that of the medium member that 

transfers crankshaft torque to the camshaft. 

Fallahzadeh et al. [21] have designed and 

Fig. 9 Valvetronic system (BMW AG Website, 2004, 

reproduced from [12]) 

Fig. 10 Three-dimensional cam lobe 

system (reproduced from [12] [22]) 
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developed VVA system 

that uses a sliding three 

dimensional cam to 

continuously alter the 

valve lift, and cam phasing 

via a differential gear train. 

3D cams usually cannot 

independently control the 

lift and duration of a valve 

event, with the two being 

interrelated. Helical 

camshafts allow a 

continuous variation of 

valve event duration with 

the additional duration 

offered at full lift. Characterised by a unique helical sliding between the two sections 

of the cam lobe about the camshaft, the sliding process leads to a decrease in the 

cam lobe base circle arc length while an increase in the nose arc length. This kind 

of VVT technology, though promising in performance has been limited to 

experimental systems mainly due to economic reasons. Testing of a prototype in a 

Suzuki GSX 250 cc engine has a shown a remarkable improvement in fuel economy 

at idle speeds [23]. Mass et al. [24] have discussed the development of a continuous 

VVL system, which in accordance with thermodynamic base studies shows a 

potential of additional 2 - 5 % savings in fuel consumption compared to an camless 

IC engine with variable intake and exhaust camshaft timing. 

2.2 Camless variable valve actuation system 

VVA systems that use 

modifications to the 

camshaft or use 

intermediate mechanisms 

between the valve(s) and 

the camshaft are no doubt 

reliable at high operating 

speeds. However, these 

modifications usually 

require the addition of 

extra moving mass to the 

valve train as compared to 

a traditional camshaft 

driven valve train design. 

Fig.11 Valve lift profiles for three-dimensional cam lobe 

systems (lift normalised with maximum lift, reproduced from 

[12]) 

 

Fig. 12 Comparison of electromagnetic valve profile and 

conventional valve train profile (reproduced from [25]) 
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The high rotational speeds at which these operate, bring in large dynamic forces that 

the system must be able to handle. This requires robust components and 

mechanisms to be used in the VVA system making them heavy and bulky. Usually, 

systems that use an intermediate oscillating cam or a significantly modified 

camshaft, have extra height and volume added to the cylinder head to accommodate 

the additional components creating packaging issues. These systems usually have 

added complexity to their designs and involve capital intensive high precision 

manufacturing as compared to the traditional ones. Moreover, most of these systems 

do not have independent control over the lift and timing of the valves, and the ones 

that do usually aren’t simple in construction. Presently, VVA systems that do not 

depend on the camshaft for their operations are seeing a lot of research and 

development, and gaining popularity as camless valve actuation systems. Camless 

engines use a variety of methods to independently control the lift and timing of the 

valves which include electromagnetic, stepper motor driven, hydraulic and 

pneumatic actuation systems [15] with some even using a combination of these 

actuation methods. The camshaft, now done away with, the valve lift profile is no 

longer restricted the kinematic limitations of the design of the cam lobe. Hence, the 

theoretically best square lift profile can be practically realised as a trapezoidal or 

top hat lift profile, the shape being determined by the valve opening and closing 

speeds, allowable acceleration and seating velocity. 

2.2.1 Classification of camless variable valve actuation systems 

Current camless VVA systems can be broadly classified into the following three 

categories based on the type of actuation system used: 

i. Electro-mechanical camless VVA system 

ii. Electro-hydraulic camless VVA system 

iii. Electro-pneumatic camless VVA system 

2.2.1.1 Electro-mechanical camless VVA system 

Electro-mechanical camless systems use a combination of electromagnets and 

mechanical springs to achieve the desired valve motion in the required time. 

Sugimoto et al. [25] have studied, designed and tested an electro-mechanical VVA 

system whose functioning is schematically shown in Fig. 13. The basic construction 

of the VVA system includes an armature disc mounted concentrically and rigidly 

with the valve stem and placed symmetrically placed between two electromagnets 

with the help of two springs (not necessarily identical). This configuration is 

referred to as the equilibrium state. Whenever the valve needs to open, the lower 

electromagnet is energised by applying a suitable voltage across its coil while the 

upper electromagnet is kept de-energised. This attracts the armature in the 

downward directions and the valve opens up. In the meantime, the upper spring gets 
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elongated and the lower spring gets compressed. The energy stored in the springs is 

used to return the valve to its equilibrium position when the coils are de-energised. 

Similarly, for closing the valve, the lower electromagnet is de-energised while the 

upper electromagnet is energised, compressing the upper spring and elongating the 

lower. In order to hold the valve in open, closed or any desired lift position, the 

corresponding electromagnets have to be kept energised accordingly during the 

dwell period so that the spring force and electromagnetic force balance out. The 

desired actuation time, decides the deceleration required at the end of the stroke, 

which in turn decides the stiffness of the springs used. The spring stiffness 

ultimately dictates the voltage applied across the coils. A simpler version of this 

design involves only one electromagnet and one mechanical spring, with the closed 

valve as the equilibrium position. An appropriate damping mechanism is usually 

used to control the velocity of the valve during closing. Sugimoto et al. [25] have 

used a small hydraulic tappet as a valve damping mechanism in their design. A 

closed loop control circuit is usually used in such applications, tracking the valve 

motion using position sensors for enhanced reliability and reduced cycle to cycle 

variation. Cope and Wright [1] have designed, built and tested a novel 

electromagnetic fully flexible valve actuator (FFVA) which offers variable lift and 

timing combined with controllable seating velocity. The main advantages of using 

an electro-mechanical camless engine are its high valve opening and closing speeds, 

and its relatively easy system implementation. Montanari et al. [26] and Butzmann 

et al. [27] have presented control difficulties related to valve seating velocity and 

cost problems with expensive position sensors in electro-mechanical valve actuation 

systems [28]. Other problems include high power consumption, high noise, residual 

magnetic characteristics even after demagnetization and difficulty in case of high 

force applications [26]. The motion of the valves and the electromechanical 

actuation also suffers from parasitic losses, such as friction, ohmic resistance and 

eddy current losses [29]. 

Equilibrium Open Closed 

Fig.13 Motion of electromechanical/electromagnetic valve (reproduced from [25]) 
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2.2.1.2 Electro-hydraulic camless VVA system 

A hydraulic camless engine converts the flow of hydraulic fluid into valve motion 

in response to an electrical signal. The basic construction of the arrangement 

involves a hydraulic cylinder whose piston is attached to a poppet valve. The flow 

of fluid into and out of the cylinder is controlled using high frequency flow control 

valves. Fig. 14 shows the schematic of the electro-hydraulic VVA system 

investigated by Allen and Law [30]. In order to open the valve, hydraulic fluid from 

the reservoir is pressurised using a pump and is made to fill up the upper chamber 

of the cylinder. At the same time, hydraulic fluid previously stored in the lower 

chamber is expelled to the reservoir. This makes the piston move downwards, while 

opening the poppet valve and compressing the valve spring. To hold the valve in 

open position or any desired lift position, the flow control valves restrict any fluid 

flow into or out of the cylinder. The fluid pressure forces and spring force then 

balance among themselves to determine the equilibrium hold position (dwell at full 

lift or partial lift). The lift of the valve can also be controlled by modulating the 

filling pressure, but such a technique usually isn’t adopted for real world on the go 
applications where the time available for such modulations is extremely small. To 

close the poppet valve, the flow control valves allow the high pressure fluid to fill 

up the lower chamber, while expelling fluid from the upper chamber into the 

reservoir. This time, the compressed spring also assists in closing the valve. A 

suitable damping mechanism is deployed just before the valve hits its seat to control 

the seating velocity. A simpler version of this design involves fluid flow only into 

the upper chamber with valve closure being completely taken care of by the spring 

Fig. 14 Schematic of electro-hydraulic camless valve actuation system (reproduced 

from [30]) 
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force. The performance and maximum operating speeds of such a system totally 

depends on precise control of fluid flow to ensure accurate positioning of the engine 

valves [28]. As such, it requires high performance flow control valves with very 

low response times, and high frequency position sensors that cause increase in 

system production cost. Schechter and Levin [9] have developed a spring-less 

hydraulic pendulum for their electro-hydraulic VVA system that exploits the elastic 

properties of a compressed hydraulic fluid, which, acting as a liquid spring, 

accelerates and decelerates each engine valve during its opening and closing 

motions. Brader [31] has designed and manufactured an experimental piezo-

electrically controlled hydraulic actuator to be used in an electro-hydraulic camless 

engine. Although suited for high force applications, some of the potential problems 

with basic electro-hydraulic actuation without closed loop feedback systems include 

high energy consumption, valve seating velocity control and valve timing 

repeatability at different operating temperatures due to variation of oil viscosity with 

temperature [28]. Nam and Choi [28] have proposed an adaptive valve actuation 

system that is robust to oil temperature variations and can be realized by a simple 

valve timing controller based on valve opening and closing timing detection. 

Moreover, leakage in a hydraulic system can always be an issue. 

2.2.1.3 Electro-pneumatic camless VVA system 

A pneumatic camless engine uses air pressure to actuate a piston cylinder 

arrangement which in order actuates the poppet valve(s).  Directional control valves 

are used to control the movement of pressurised air in and out of the pneumatic 

piston cylinder arrangement, and consequently the timing of the engine valves. 

Pneumatic camless VVA systems usually use additional hydraulic or electro-

magnetic systems to achieve variable lift and acceptable seating velocities. Fig. 15 

shows a schematic representation of the electro-pneumatic valve actuation (EPVA) 

system investigated by Ma et al. [32] during valve opening. The electro-pneumatic 

system, similar to an electro-hydraulic system, consists of a pneumatic cylinder 

whose piston is attached to the poppet valve. The cylinder can be either double 

acting in which both opening and closing of the valve are realised using pressurised 

air, or single acting in valve opening is realised using pressurised air and valve 

closing takes place with the help of a spring. The one shown in Fig. 15 uses a single 

acting cylinder. For opening the valve, pressurised air is allowed to fill the upper 

chamber of the cylinder while the lower chamber is open to the atmosphere. The 

pressure difference across pneumatic piston moves the poppet valve downwards 

while compressing the valve spring. At the same time hydraulic chamber at the top 

of the assembly is filled with an incompressible fluid (oil). In order to hold the valve, 

open at the desired lift, the control valves for both air and oil close, trapping the air 

and the oil in their respective chambers. This is followed by transient force 

balancing due to expansion of the pressurised air, after which a steady lift is 

achieved. In order to close the valve, the air and oil chambers are depressurised by 

opening the flow control valves; air and oil are forced out of the chambers due to 
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the spring force. Just before closure, a damping mechanism is engaged to control 

the seating velocity and the valve gently gets closed. In this case, the oil is made 

flow through an orifice to provide the necessary damping before closure. The three 

stages of operation of an EPVA system are illustrated over the valve lift profile in 

Fig. 16. FreeValve has developed a production grade electro-pneumatic-hydraulic 

Fig. 15 Schematic of an electro-pneumatic valve actuation system during charging (reproduced 

from [32]) 

Fig. 16 Valve lift profile for electro-pneumatic valve actuation system with the solenoid action 

chart (reproduced from [32]) 
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VVA system, that has been tested on a Saab 9-5 test vehicle. The vehicle has been 

driven 10,000km with both intake and exhaust valves controlled by the FreeValve 

system [33]. The functionality of an electro-pneumatic system is mainly limited by 

the response time and service life of the control valves. The quality of air goes into 

the system should also be maintained in order to avoid clogging of the control 

valves. Osborne et al. [34] have reported the highest noise and power consumption 

for EPVA systems among all other camless alternatives. Moreover, compressibility 

effects and leakage can make controls difficult without feedback systems. On the 

brighter side, behaviour of air for the required application doesn’t change 
appreciably in the working temperature range, with pneumatic components being 

relatively simple, compact, reliable, cost effective and quite developed 

technologically. Compressed air cylinders or on-board air compressors may be used 

for pressurised air supply with the possibility of re-routing the discharged air into 

the engine air intake system [9]. 

2.3 Variable valve timing control logic 

While designing a reliable and fully functional VVA system is crucial for improved 

engine performance, optimisation of the timing and lift of the valve events is an 

equally important task. Researchers have thoroughly investigated the same using 

both computer simulation assisted mathematical formulation as well as experiments 

and have presented their understanding of the process. Bohac and Assanis [35] have 

studied the effect of exhaust valve timing on gasoline engine performance and 

hydrocarbon emissions using both numerical simulation as well as experiments. 

Fontana et al. [7] have numerically analysed the influence of variable valve timing 

on the combustion process of a small SI engine. Fallahzadeh et al. [21] have used 

numerical simulations and experiments to study the effect of IVC time on engine 

performance, fuel consumption and emissions. Żmudka et al. [36] have conducted 

a theoretical investigation on the effect of early intake valve closing (EIVC) on 

thermal efficiency of an IC engine. Ashhab et al. [37] have designed an adaptive 

nonlinear controller to coordinate intake valve lift and duration according to engine 

speed and load, by using high sampling rate intake manifold pressure and flow 

sensors. Trask et al. [38] have experimentally optimized the timing of all the valve 

events of a camless engine for a number of commonly encountered engine operation 

conditions. Wilson et al. [39] have completely mapped the tumble, swirl and flow 

characteristics of a four-valve engine, which can be studied to optimize the lift in a 

camless VVA. With a flexible VVA system, one can independently vary the timing 

of each valve event. However, the number of timing combinations possible with 

such a system is very large, making it necessary to understand the implication of 

each event on the performance and efficiency of the engine. The basic philosophies 

behind variable valve event timing as presented by Parvate-Patil [2] have been listed 

below. 
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2.3.1 Late intake valve closing (LIVC) 

During LIVC, at low engine speeds, a part of the compressed charge, at a pressure 

slightly higher than the atmospheric, is expelled back to the intake manifold during 

the early compression stroke. This reduces the partial vacuum created in the intake 

manifold due to throttling resulting in reduction of intake pumping work during the 

subsequent intake stroke. As such, LIVC can be used as a means of both throttled 

and throttle-less load control at low engine speeds. Asmus [40] has stated that the 

volumetric efficiency at high speeds and high loads can be improved by LIVC as 

the momentum of the fast moving charge during the intake stroke helps in cramming 

in more charge into the cylinder even during the upward movement of the piston. 

Going by the same reasoning, LIVC will lead to poor volumetric efficiency at low 

speeds and high load conditions. 

2.3.2 Early intake valve closing (EIVC) 

EIVC can be used as a throttle-less load control method by closing the intake 

valve(s) as soon as the desired amount of charge is admitted into the cylinder during 

the intake stroke. This leads to a small amount of expansion work during the intake 

stroke. EIVC can also incur some pumping losses due to the low lift of the valves 

which can be taken care of with faster valve lifts [41]. Altogether, the pumping work 

during EIVC is much less as compared to a conventional throttled engine.  

2.3.3 Late intake valve opening (LIVO) 

With LIVO, the piston needs to do expansion work during the early intake stroke 

[40] which leads to increased intake pumping work. However, the increase in 

pumping work due to LIVO is compensated for by improved cylinder charging as 

the piston attains an appreciable velocity when the intake valve(s) open. A higher 

charging velocity leads to increased turbulence which results in better combustion 

efficiency and lower unburnt hydrocarbon (HC) emissions. Volumetric efficiency 

remains almost unaltered with LIVO at low engine speeds as the amount of charge 

drawn in during the early intake stroke is negligible due to low piston velocity. 

2.3.4 Early intake valve opening (EIVO) 

EIVO during the late exhaust stroke increases the valve overlap which leads to the 

flow of exhaust gases into the intake manifold because of the cylinder-intake 

manifold pressure gradient [41]. At low loads, this is detrimental to engine 

performance as it dilutes the fresh charge in the intake manifold leading to lean and 

unstable combustion. At high loads, however, the same phenomenon helps in 

realising internal exhaust gas recirculation (EGR) which helps in bringing down 
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peak cylinder temperatures and hence NOx emissions [42]. EIVO also helps in 

reducing exhaust pumping work as less burnt gases are expelled during the exhaust 

stroke. EIVO is particularly beneficial at high speeds as the piston attains an 

appreciably high velocity during the early intake stroke and more air can be 

effectively drawn into the cylinder. 

2.3.5 Early exhaust valve closing (EEVC) 

EEVC reduces the possibility of valve overlap which is beneficial at low loads. 

EEVC also reduces exhaust gas scavenging, as less time is available for expelling 

the burnt gases out of the cylinder, leading to lower exhaust pumping work. 

However, the exhaust gases that remain in the cylinder dilute the fresh charge 

leading to reduced thermal efficiency, particularly at high loads and speeds, while 

at the same time reduced unburnt HC emissions due to repeated combustion cycles. 

2.3.6 Late exhaust valve closing (LEVC) 

With LEVC, the valve overlap period increases which results in the flow of exhaust 

gases into the intake manifold [40]. This in turn reduces the quantity of fresh charge 

that is drawn into the cylinder while increasing the inlet manifold pressure. The 

reduced partial vacuum in the intake manifold results in the reduction of intake 

pumping work. At high speeds, a large valve overlap helps in scavenging to improve 

engine breathing, while at low loads and speeds, a small or negligible overlap helps 

in maintaining charge quality and stable combustion. LEVC also helps in reduction 

of unburnt HC emissions as the combustion products undergo repeated combustion 

cycles due charge dilution with the same. According to Siewert [41], LEVC is less 

effective in reducing HC emissions as compared to EEVC. 

2.3.7 Early exhaust valve opening (EEVO) 

EEVO is particularly beneficial at high loads and speeds when the time available 

for the gas exchange process is very small. Opening the exhaust valve during the 

power stroke does reduce engine power, but if timed correctly, the loss in expansion 

work is well compensated for by a significant reduction in exhaust pumping work 

and enhanced scavenging. At low loads, the expansion work is significantly reduced 

and EEVO can drastically reduce the already low power output of the engine. 

Hence, by appropriately timing the EVO, one can control the effective expansion 

ratio. 

2.3.8 Late exhaust valve opening (LEVO) 
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LEVO results in increased expansion work during the power stroke. However, a 

large cylinder pressure at the end of the expansion stroke increases the exhaust 

pumping work particularly at high speeds and loads. LEVO can however improve 

the power output at low loads and speeds, when maximum work needs to be 

extracted from the expansion process and sufficient amount of time is available for 

the cylinder pressure to reduce to a low value. LEVO also helps in reducing unburnt 

HC emissions as the exhaust gases have sufficient time for oxidation [43]. 

2.4 Attributes unique to camless valve actuation systems 

Fully flexible VVA systems which can independently control the lift and timing of 

the valve events over the operating speed range of an engine offer numerous 

advantages and possibilities over conventional engines. Some of them unique to 

camless VVA systems as documented by Schechter and Levin [9] have been listed 

below. 

2.4.1 Efficient and stable idle 

A camless system can essentially eliminate the need for throttling which is a major 

culprit behind low idle efficiency and stability in conventional engines. By suitably 

controlling the opening and closing times, and lift of the intake valves and 

corresponding timing of the exhaust valves to provide minimal or no overlap, the 

combustion efficiency during idling can be greatly improved. Altogether, a camless 

VVA system can allow an engine to have a stable idle with reduced fuel 

consumption and emissions. 

2.4.2 Faster burn rate 

For having good combustion efficiency, cylinder charging should be accompanied 

by turbulence for efficient charge mixing. However, at low engine speed and loads, 

with full valve lift, the charging velocity drops significantly due to reduced charge 

mass flow rate and increased flow area, leading to unstable and non-uniform 

combustion. Using a camless VVA system, one can reduce the duration of the intake 

stroke to draw in charge only when the piston velocity is sufficiently high, or reduce 

the maximum valve lift to increase the charging velocity.     

2.4.3 Variable compression ratio 

By varying the timing of IVC, one can vary the effective compression ratio of an 

engine without a corresponding change in the expansion ratio. This can be 
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particularly beneficial for forced induction engines where, knocking becomes an 

issue at high load conditions. The compression ratio of such engines is usually 

reduced to avoid knocking, but this leads to lower thermal efficiency at low loads. 

With a flexible VVA system in place, EIVC or LIVC can be suitably used for 

efficient low load operation with reduced knocking probability at high loads. This 

eliminates the need for waste gating in turbocharged engines, leading to improved 

utilisation of exhaust waste heat. 

2.4.4 Internal EGR 

In conventional engines, EGR is usually realised by using a separate valve between 

the intake and the exhaust manifolds to regulate the amount of exhaust gases 

recirculating into the engine. With a camless VVA system, the timing of the EVC 

and IVO can be appropriately tuned to provide the necessary overlap and 

corresponding amount internal EGR. This can help in reducing NOx emissions by 

bringing down the peak cylinder temperature. 

2.4.5 Charge motion control 

The ability to individually control the lift and timing of each valve in a camless 

engine allows one to control the in-cylinder charge motion. In a cylinder with two 

or more intake valves, unequal lifts and timing can be used to vary the swirl and 

tumble characteristics of the incoming charge during cylinder filling providing a 

variety of flow patterns. A particular valve can also be deactivated (held in closed 

position) to divert all the flow through a fewer number of valves at a higher velocity 

for increased turbulence. 

2.4.6 Variable engine displacement 

A camless system may be used to deactivate all the valves of a particular cylinder, 

effectively deactivating that cylinder when coupled with deactivation of fuel 

injection. As such, during part load operation, the total displacement of a multi-

cylinder engine can be reduced, with only a few cylinders working efficiently at a 

higher load. This reduces part load fuel consumption and unburnt HC emissions. 

The valves are usually deactivated after the intake stroke in order to reduce the 

amount residual gas is trapped in the deactivated cylinder for low in-cylinder 

pressure. 

2.4.7 Change in firing order 
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The selection of the firing order of a particular multi-cylinder engine is done with 

an aim to reduce vibrations. In conventional engines, the firing order decides the 

arrangement of the cam lobes on the camshaft and as such, once fixed, it is not 

possible to change the firing order. However, the nature of engine vibrations varies 

with engine speed and load, and there arises a need for change in the firing order to 

reduce the same at different operating conditions. With a camless system, the firing 

order and the necessary changes in valve timing can be easily changed to provide a 

smooth engine operation. 

2.4.8 Regenerative braking 

A camless VVA system can be used to realise dynamic braking by using the engine 

as compressor during braking. During dynamic braking, the exhaust valves and 

ignition are deactivated, and the momentum of the vehicle, via the transmission is 

used to compress the charge drawn in during the intake stroke. The compressed 

charge is then expelled around TDC back into the intake manifold or into a 

reservoir, which can be later drawn in for engine supercharging during acceleration. 

The compression work done by the engine, partly slows down the vehicle in 

conjunction with wheel braking and provides an efficient way to use the energy lost 

during braking. 

2.5 Experimental results on implementation of VVA systems 

Çinar and Akgün [44] have reported a 5.1% increase in torque at low speeds and a 

4.6% increase in torque at high speeds for their test engine operating with variable 

IVC timing camshaft. Specific fuel consumption has been reported to have 

decreased by 5.3% and 2.9% at low and high engine speeds, respectively along with 

reduction in HC and CO emissions at high engine speeds. Fallahzadeh et al. [21] 

have reported a 15-20% improvement in brake thermal efficiency for their test 

engine due to EIVC at an engine speed of 1600 rpm accredited to lower residual gas 

fraction and reduced heat transfer. A 20-25% decrease in fuel consumption has also 

been reported due to reduced pumping loss results during part load operation at the 

same speed along with 4-5% reduction in exhaust gas temperature and 50-60% 

increase in intake manifold pressure. Bohac and Assanis [35] during their 

experiments to study the effect of exhaust valve timing on gasoline engine 

performance and HC emissions, using switchable camshafts, have reported a 27% 

decrease in start-up HC emissions by advancing EVO by 60o and advancing EVC 

by 40o. Sugimoto et al. [25] while investigating their electromagnetic VVA system 

have reported a 10% reduction in BSFC due to late IVC as compared to 

conventional cam driven valve trains again accredited to reduction in pumping 

losses. By fixing IVC timing to BDC, an approximate improvement of 20% in 

torque output at low and mid-engine speeds has been recorded due to improvement 

mech14.weebly.com



23 

 

in volumetric efficiency. The camshaft driven eccentric VVA system developed by 

Hara et al. [20] has shown a 10-15% improvement in low and mid-engine speed 

torque and 10% improvement in maximum power. A 5% reduction in fuel 

consumption, 19% reduction in HC emission and 29% reduction in NOx emissions 

have also been reported. Li et al. [45] have reported a 11.8% torque increase at 2400 

RPM and 9.9% torque increase at 5400 RPM along with 1.2% increase in maximum 

torque at 3900 RPM for their variable cam phasing system after proper ECU tuning. 

A 6.9% and a 23.3% improvement in BSFC have also been reported at 2800 RPM 

and 5400 RPM respectively but with a slight reduction in baseline BSFC of 1.4-4-

4% between 1200-2400 RPM. A 59.4% reduction in CO emissions as compared to 

the baseline has also been recorded. Schirm et al. [5] have reported a mean reduction 

of 6.4% at 25% load, 3.7% at 50% load and 1.4%. at 75% load in fuel consumption 

while running the test engine in unthrottled operation mode by late IVC using a 

variable cam phasing system. 

Summary 

An overview of the development of valve train systems has been presented in the 

text. The importance of valves in an IC engine and the functioning of a mechanically 

coupled, camshaft driven valve train with focus on its simplicity and reliability has 

been discussed. The limitations of a camshaft driven valve train with respect to 

varying engine speed and load control have been highlighted to substantiate the 

need for a variable valve actuation system. Pumping losses during the throttling 

process for load control have been explained along with a few strategies to reduce 

them. The working of few production level, camshaft driven, variable valve timing, 

variable valve event duration and variable valve lift technologies have been 

described covering both discrete and continuous control systems. Drawbacks of 

camshaft operated variable valve actuation systems have been discussed to sketch 

the functional requirements of a camless valve train. Three types of camless valve 

trains along with their advantages and limitations have been explained. The basic 

variable valve timing control logic has been described and some unique attributes 

of camless engines have been listed. Some experimental results have also been cited 

from literature highlighting the improvement in performance, efficiency and 

emissions after implementation of variable valve actuation systems. 
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