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Introducti on
A major objecti ve in the further development of 
internal combusti on engines is the reducti on of 
fuel consumpti on and CO2 emissions. Future ex-
haust regulati ons will also require a further reduc-
ti on of emissions.

The internal combusti on engine will remain an im-
portant drive source for motor vehicles, even if 
there are currently a lot of acti viti es in the direc-
ti on of electric drives and fuel cells. The effi  ciency 
of the internal combusti on engine must be conti n-
uously increased.

Important potenti al areas during the opti mizati on 
of the engine are the reducti on of the charge cycle 
work, the opti mizati on of the charge moti on, infl u-
encing the percentage of residual exhaust gases, 
especially under parti al load, the control of the 
temperature at the start of the compression stroke 
and metering the mass of the fresh air. Variability 
in the valve train is required in order to implement 
these measures.

The implementation options available range 
from pure cam phase adjustment and partially-
variable valve lift to fully-variable valve lift. The 
greater the degree of variability that is used, 
the greater the potential that can be achieved. 

For example, the combination of a variable 
camshaft phasing unit and a partially-variable 
valve train has proven advantageous. This pa-
per concentrates mainly on partially-variable 
valve trains.

INA has been developing, amongst other things, 
partially-variable valve trains for over 20 years 
and looks back on over 10 years of volume pro-
duction of the switchable tappet. INA was also 
involved in the development of the cam shifting 
system and has further developed the Audi Valve 
Lift System which is currently on the market. The 
aim of this publication is to show how it has 
been possible to achieve more functionality 
while maintaining the same design space condi-
tions by means of an intelligent actuator con-
cept.

State of the art
There are many diff erent, parti ally-variable valve 
train concepts with diff erent actuator systems and 
implementati on levels of variability for fi nger-fol-
lower valve trains.

Figure 1 shows well-known electro-hydraulic sys-
tems. The switchable pivot element (picture on the 
left ) enables valve/cylinder deacti vati on. The switch-
able roller fi nger follower (picture on the right) can 
be used to perform cam profi le switching or valve/
cylinder deacti vati on.

In addition, there is also the possibility of vary-
ing the lift directly on the camshaft using elec-
tro-mechanical actuators, as in the Audi Valve 
Lift System (AVS) (Figure 2) [1]. This two-stage 
switching system comprises a base shaft, one 
cam element per cylinder, the associated finger 
followers and pivot elements as well as two ac-
tuators per cam element. The cam element is 
fixed for co-rotation with the base shaft by 
means of axial splines but can be moved in an 
axial direction. The cam element is supported by 
the camshaft bearing located centrally between 
the valves. The cam element for both valves in-
cludes two sets of associated cams and the con-
trol grooves. In the current arrangement, the 
cam element is shifted on the base shaft in both 
axial directions using two S-shaped groove con-
tours and two electrically controlled actuators 
(Figure 2).

Comparison 
between the cam 
shift ing system and 
other familiar 
switching systems
A comparison of these different systems shows 
that electrically actuated cam shifting systems 
have a number of advantages.

Increased operati onal 
temperature range
Electro-hydraulically actuated systems have limi-
tations in the low temperature range (Figure 3). 
Only one switching is permissible with oil pres-
sure at oil temperatures below 20 °C. Switching 
is not permitted in the opposite direction less 
than 20 °C due to the high oil viscosity at low 
temperatures and the associated rapid increase 
in faulty switching. Unlimited operation is usu-
ally only ensured for an oil temperature of 20 °C 
and above. The cam shifting system operates 
without switching faults in a significantly larger 
operating range due to the electric actuator and 
the positively controlled switching (Figure 3). 
There is also further potential for extending the 
operating range.

No 
restricti ons 
of valve lift  
curves
Another disadvantage 
of well-known compo-
nents with lost moti on 
elements (switchable 
tappets, switchable 
roller fi nger followers) 
is the restricted free-
dom for the design of 
the valve lift  curves. 
For example, the 
switchable roller fi nger 

follower comprises a primary lever and a second-
ary lever. The lift  on the primary lever is always 
applied, while the lift  on the secondary lever can 
be blanked out by switching. The smaller lift  must 
always be overlapped by the larger lift  or the 
smaller lift  must be completely outside the range 
of the large lift  (Figure 4). The individual lift s can-
not be realized if both curves intersect. A contact 

Figure 1 Parti ally-variable valve train components 
with electro-hydraulic actuati on
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Figure 2 Audi Valve Lift  System [1]
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change from one cam to another would occur 
during the valve lift  and the overlapped lift  curve 
would be realized. The cam shift ing system does 
not have this restricti on. The lift  curves can be se-
lected freely.

No hydraulic system 
required for switching
The oil circuit and especially the oil pump must be 
appropriately dimensioned in electro-hydraulically 
actuated systems in order to ensure the required 
minimum oil pressure is maintained at all switching 
points. However, it is usually not possible to shift  
the camshaft  phasing system and switching com-
ponents simultaneously. The cam shift ing system 
with electric actuati on can be used at any ti me and 
is independent of the oil circuit.

Positi vely-controlled 
switching within one rota-
ti on of the camshaft 
The cam shift ing system is based on positi ve con-
trol during the switching operati on, i.e. the cam 
element must be shift ed aft er one rotati on of the 
camshaft . It is possible that the switching opera-
ti on may take longer than one rotati on on hydrauli-

cally actuated systems, especially at low tempera-
tures. Cyclical switching is, therefore, not possible 
at low temperatures. The cam shift ing system en-
ables cyclical switching within one rotati on of the 
camshaft . Faulty switching, which occasionally oc-
curs with hydraulically actuated systems, are pre-
vented with the cam shift ing system.

Switching of individual 
cylinders is possible
Switching of individual cylinders on electro-hydrauli-
cally actuated systems is only possible with addi-
ti onal outlay. In this case, more switching valves 
must be installed and the design of the hydraulic oil 
circuit is more complex. The cam shift ing system 
with its clear assignment of actuators per cylinder 
enables switching of individual cylinders without ad-
diti onal complexity. This allows further potenti al for 
fuel consumpti on savings during adapti on of the en-
gine control unit without incurring additi onal costs.

No additi onal valve lift  
variati on
Locking mechanisms, which are based on pistons, 
show backlash in the lock due to tolerances. This 
backlash, which varies depending on the design, 
leads to a corresponding variati on of the valve lift  
during the secondary lift . The cam shift ing system 
has in comparison to switchable roller fi nger fol-
lowers no additi onal valve lift  variati on.

Low moving mass/
mass moment of inerti a
The switchable roller fi nger follower has a larger 
moving mass and a larger moment of inerti a than 
the cam shift ing system due to its design with two 
levers arranged in parallel. The basic roller fi nger 
follower design for the cam shift ing system is only 
slightly modifi ed compared with well-known stan-
dard fi nger followers. This allows the original valve 
springs to be maintained and higher fricti on in the 
valve train is prevented. The valve lift  curves in the 
cam shift ing system can be freely selected within 
the limits of accelerati ons which are possible in fi n-
ger follower valve trains. Restricti ons with switch-
able roller fi nger followers oft en occur due to the 
greater mass moment of inerti a. The valve lift  
curve of switchable roller fi nger followers oft en 
has to be adapted in order to restrict the loads.

System fl exibility for CPS, 
CDA and CAI/HCCI
Flexible systems with a greater degree of freedom 
are oft en required during development in order to 
test diff erent concepts. Engine manufacturers con-
ti nuously strive to use systems for volume produc-
ti on, which are fl exible enough for several engine 
concepts. This eliminates signifi cant costs and en-
ables a reducti on in the variety of components.

For example, there are diff erent requirements 
when starti ng the engine (start with a small or 
large valve lift ). These are realized on hydraulically 
actuated systems by using diff erent locking mecha-
nisms (unlocked or locked in a depressurized state) 
depending on the applicati on.

This functi onality is achieved on the cam shift ing 
system simply by varying control of the actuators. 
The cam shift ing system can be simply adapted for 
diff erent requirements while maintaining the im-
portant functi ons without any technical disadvan-
tages.

Moti vati on
In total, the described advantages of the cam shift -
ing system result in the achievement of greater 
savings in fuel consumpti on compared with switch-
able roller fi nger followers.

The proposed three-stage valve lift variation in 
combination with an electric actuator comes 
closer to the performance of a fully-variable 
valve train, but has a more favorable cost-bene-
fit ratio (Figure 5). This was the reason why INA 
further developed the three-stage cam shifting 
system.

INA cam shift ing 
system
Design and functi on
The objecti ve for the INA cam shift ing system is to 
implement a three-stage switching system without 
making signifi cant changes to the basic idea, i.e. 
“shift ing the cam element axially on a base shaft ”. 
An additi onal INA requirement is that the cam 
shift ing system should be adaptable for the largest 
possible range of engine architecture with diff er-
ent valve and cylinder spacing.

The core of the cam shift ing system is the groove 
contour, in which the actuator pin meshes and 
the cam element for a cylinder is shift ed axially on 
the base shaft . The design space available for the 
shift  grooves for implementi ng the three switch-
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Figure 4 Restricti ons for the design of the valve lift 

Figure 5 Comparison of the thermodynamic potenti al of diff erent concepts
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ing stages is signifi cantly restricted with the exist-
ing valve and cylinder spacing. A design with two 
S-grooves (Figure 2) is, therefore, not possible. A 
double S-groove proved to be the most promising 
following an analysis of diff erent groove confi gu-
rati ons. This groove design generates moti on in 
both shift  directi ons in a base circle phase of ap-
proximately 210 degrees of camshaft  rotati on. In 
additi on to both axial moti ons, an entry zone 
must also be set aside in the groove base for the 
actuator pin moti on in this phase (approximately 
70 degrees of camshaft  rotati on). This means 
there is eff ecti vely only approximately 70 degrees 
of camshaft  rotati on available for shift ing the cam 
element axially. The double S-groove (Figure 6) 
was opti mized with a simulati on model. The con-
tact forces on the actuator pin were kept at al-
most the same level as those on the S-groove 
used in volume producti on (Figure 2), although 
signifi cantly less phase angle is available. Figure 6 
shows an example of the axial lift  of the cam ele-
ment with the double S-groove.

The cam element bearing support has to be rede-
fi ned for the three-stage cam shift ing system. 

Where the bearing support is arranged between 
the valves (Figure 7), the bearing web has insuffi  -
cient width if there is narrow spacing between the 
valves. Therefore, an arrangement with the base 
shaft  bearing support between the cylinders is the 
most promising approach here (Figure 7).

Figure 8 shows that the double S-groove must be 
positi oned between the cams when an additi onal 
base shaft  bearing support is located between the 
cylinders. This defi nes the camshaft  design of the 
INA three-stage cam shift ing system.

The INA cam shift ing system can also be a two-
stage design (Figure 9). In this case, only a one-pin 
actuator is required per cylinder and the base shaft  
bearing support can be located between the 
valves.

The cam element is fi xed for simultaneous rotati on 
with the base shaft  by means of axial splines allow-
ing it to move in an axial directi on. Cam profi le 
switching means that the cam element is shift ed 
axially by one cam width on the base shaft . If the 
cam element is not actuated, the detent (Fig-

ure 10) fi xes the cam element in the corresponding 
positi on on the base shaft . The detent has one 
spring-loaded ball per cylinder.

The three recesses for locking the cam element de-
tent are assigned to the three cams (Figure 10).

An INA two-pin actuator acts on the double 
S-groove in order to switch between the three cam 
lift s. If the actuator is acti vated using a control sig-
nal from the engine control system, only one of the 
two actuator pins enters the fi rst groove before the 
start of the cam base circle and shift s the cam ele-
ment axially by means of the groove pitch during 
the base circle phase. The other pin cannot engage 
in a groove. It slides on the high circle surface of 
the sliding groove. The rotati on of the camshaft  
and the pitch of the groove contour move the cam 
element axially by one cam width and the actuator 
pin is pushed out of the groove by a radial lead-out 
slope at the end of the groove contour and returns 
to its initi al positi on. The second actuator pin pro-
duces a further shift  of the cam element in the 
same directi on, again with the fi rst groove. If the 
cam element is now shift ed in the opposing direc-
ti on, the second actuator pin enters the second 
groove during the cam base circle phase. The cam 
element is shift ed back by one cam width by the 
pitch of this groove. There is also a radial lead-out 
slope at the end of the second shift  groove which 
moves the actuator pin back to its initi al positi on 
(Figure 11).

Cam sha� bearings in-between the valves

Cam sha� bearings in-between the cylinders

Figure 7 Diff erent camshaft  bearing supports

Figure 8 INA three-stage cam shift ing system

Figure 9 INA two-stage cam shift ing system

Figure 10 Three-stage detent

Figure 11 Functi on of the INA three-stage cam shift ing 
system
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Figure 6 Axial lift  of the cam element with the 
double S-groove
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The INA finger follower system (Figure 12) cur-
rently in volume production is also used for the 
three-stage cam shifting system. The optimized 
INA finger follower with a cam roller width of 
only 5.4 mm and a roller diameter of 21 mm has 
proved very reliable since the start of volume 
production in 2006.

INA multi -pin 
actuator
Concept
The required actuator functi ons were reanalyzed 
from scratch in order to meet the requirements for 
the new generati on of cam shift ing systems. The 
INA multi -pin actuator was developed from the 
strict implementati on of the individual functi ons. 
The following points were included and imple-
mented in the concept:

 The work performed when the pin is pushed into 
the actuator is stored

 This energy is selecti vely released in order to 
push the pin out of the actuator

 The pin stroke is reduced to the minimum 
distance required

 The inserti on depth is increased to a maximum

 The design space is reduced to a minimum

Functi ons of the INA 
multi -pin actuator

Energy storage

In order to keep the design space of the actuator 
as small as possible, not all pins were provided 
with their own electric drives. Each individual 
pin obtains its drive energy from the motion, 
which is stored in the pin when it is pushed into 
the actuator. A spring stores this potential ener-
gy until it is released again by deactivating the 
clamping unit.

Reducti on of the pin stroke by means 
of a stepless detent

Besides the maintenance of the storage func-
tion, the clamping unit has a further task. Posi-
tional and manufacturing tolerances result in 
imprecise positioning of the actuator to the cam 
shifting element. This is compensated by the 
stepless clamping unit. These tolerances are tak-
en into account by an additional stroke in the 
series actuators, currently in use. In this design 
the permanent magnet draws the pin into the 
actuator. The additional distance covered during 
meshing of the pin, however has a negative ef-
fect on switching times. In order to prevent this, 
a stepless clamping unit was designed which en-
sures the shortest possible meshing distance ir-
respective of the tolerances.

This clamping unit 
comprises two conical 
fricti on surfaces, in 
which there are three 
ball-shaped locking el-
ements located. The 
outer cone surface is 
fi rmly connected to 
the actuator housing, 
while the spring-load-
ed inner cone surface 
is connected to the ar-
mature and is pressed 
against the locking ele-
ments. The locking ele-
ments are positi oned 
by holes in the pin off -
set at 120° intervals on 

Figure 12 INA fi nger follower system for cam shift ing

the same height. The pin will move in the guide 
tube depending on the clearance between the 
balls and the bores.

When the pin is moved into the actuator (Fig-
ure 14), it pushes the balls in the guide tube in the 
directi on of the inner cone unti l they touch the 
cone. The balls lift  the inner cone against a spring 
force unti l they are between both cone surfaces. 
From this point onwards, the inner cone remains 
stati onary in its positi on due to the equal angle in 
relati on to the outer cone, although the pin conti n-
ues to move the balls.

The inward motion of the pin ends when it 
leaves the radial lead-out slope in the cam ele-
ment. If there is no longer contact between the 
pin and the cam element after the ramp, the pin 
spring tries to push the pin out of the actuator. 
The pin moves within the limits of the fit clear-
ance between the hole and the ball and is then 
stopped by the balls (Figure 14). The balls re-
main stationary in their positions due to the self-
locking action against the inner cone. The self-
locking action is produced by the frictional force 
on the inner cone, which acts in the opposite di-
rection of the lead-out and increases the clamp-
ing force. This means that the locking function is 
independent of the spring force which acts on 
the pin.

The coil is fed with a current to release the pin and 
the armature as well as the inner cone, which is 
connected to the armature, move upwards against 
the preload of the armature spring. This means the 

Pin spring

Ball

Pin

Inner conus at
armature

Outer conus
actuator housing

Figure 14 Clamping unit actuator (diagram: both balls are rotated in one plane)
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Figure 13 Basic design of the multi -pin actuator
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clamping eff ect against the outer cone is cancelled 
and the pin is pushed into the groove by the pin 
spring.

Customer benefi ts 
of the INA cam 
shift ing system
The INA cam shift ing system provides engine devel-
opers with a fl exible, high-performance and sus-
tainable, variable valve train system for use in de-
velopment and volume producti on.

The objecti ve was to make the cam shift ing system 
even more att racti ve by carrying out conti nuous 
development. The INA cam shift ing system has the 
following advantages compared with well-known 
cam shift ing soluti ons:

 Reduced design space requirements for the 
actuator

 Realizing a three-stage system in the design 
space of a two-stage system

 A halving of the number of actuator pins and 
grooves (two-stage system)

 A reducti on in the design space requirement in 
the axial directi on of the camshaft 

 A reducti on in fricti on by using a new detent

Applicati on 
examples
The marked growth of knowledge in the areas of 
thermodynamics and the degree of freedom of-

fered by the INA three- and two-stage cam shift ing 
systems make the use of these systems very att rac-
ti ve in gasoline and diesel engines and in conjunc-
ti on with new combusti on methods [5]. Diff erent 
thermodynamic concepts can be implemented by 
varying the design of valve lift  curves.

Summary
The INA cam shift ing system presented here is 
characterized by a number of advantages. The fol-
lowing must be menti oned especially here:

 Three-stage lift  variability

 The freedom to design valve lift  curves

 Switching can be performed irrespecti ve of the 
oil pressure

 The use of an extended temperature range

 Switching of individual cylinders

Ultimately, these features make the INA system 
a flexible, high-performance and sustainable 
cam profile switching system. It can be simply 
matched to different requirements. By utilizing 
the new actuator concept, the solution present-
ed here offers further advantages, which can im-
prove the situation with regard to design space 
and reduce the complexity of the system. It has 
been possible through continuous development 
to provide a three-stage system in the design 
space of a two-stage system.

The INA three-stage cam shifting system is posi-
tioned between well-known two-stage electro-
hydraulically actuated systems and fully variable 
systems, while having a good cost-benefit ratio 
at the same time. With the system presented 
here, INA is providing engine developers with in-
creased variability, which in conjunction with 

modern engine control systems can unlock fur-
ther potential for reducing fuel consumption 
and emissions, especially in transient engine op-
eration.

Abbreviati ons used
CPS  Cam Profi le Switching

CDA Cylinder Deacti vati on

CAI  Controlled Auto Igniti on

HCCI Homogenous Charge Compression Igniti on

AVS  Audi Valve Lift  System

EGR Exhaust Gas Recirculati on
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