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The variable valve timing mechanism for the
Rover K16 engine

Part 1: selection of the mechanism and the
basis of the design

P H Parker*
Rover Group Limited. Warwick. UK

Abstract: Variable valve timing has become an important feature of automotive engines as part of
the search for a better compromise between performance, economy and enussions. This paper
describes the Rover VVC system and has been written in two parts. The first part covers the imtial
feasibility study. the selection of the mechanism and the umque features evolved to suit the K16
engine. The second part covers the detailed mechanical layout, the development work undertaken and

the performance obtained.
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NOTATION

ABDC after bottom dead centre (deg)

ATDC after top dead centre (deg)

BDC bottom dead centre

BTDC before top dead centre (deg)

€ eccentricity of the drive ring relative to the
common centre of the input shaft and cam-
shaft—also equal to the length of OP in Figs 3

and 8
ER eccentricity ratio of the mechanism
EVC exhaust valve closing
EVO exhaust valve opening
IvC inlet valve closing
VO inlet valve opening
o radial distance of the centre of the drive pins

from the input shaft centre-line (mm)
TDC top dead centre

« angle defining the direction of the eccentricity
of the VVC mechanism housing from datum

3 control sleeve angle defined in Fig. 3

é angle defined in Fig. 8 for use in the mechan-

ism motion equations
direction of the mechanism eccentricity

N

The MS wus received on 19 March [999 and was accepted afier revision
Jor publication on 14 July 1999.

* Corresponding  address: 203 Bromsgrove  Road,
Warcestershire B97 45Q. UK.

Redditch.

DN3199  © [MechE 2000

n angle defined in Fig. 3 for use in the control
sleeve geometrical equations

0 angle of the cam drive pin from datum

T cam rotation at any instant [rom the point of
maximum hft defined in Fig. 8

® angle of the input shaft drive pin from datum

1 BACKGROUND

In response to the growing interest in variable valve
timing. within the Rover Group and other vehicle
manufacturers. a feasibility study to choose a suitable
svstem for the K series four-cvlinder engine was started
during 1989. Appendix | defines what 1s understood by
the term variable valve timing (VVT).

There were two ditferent aspects to be considered in
the study. The first was the effect on engine performance
of possible variations in the valve parameters. namely
phase. period and hft. The second was the actual
potential of particular mechanisms to achieve the chosen
variation. The study was ‘mechanism led’ in the sense
that the objective was to identify a mechanism that
could provide the estimated required range of adjust-
ment but which was also practical to develop for pro-
duction. The resulting engine performance. economs
and enussions gains would then be explored as the
mechanism was developed.
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1 VARIABLE VALVE TIMING MECHANISM

2.1 Choice of mechanism

Examination of the literature reveals a wide variety of
proposals and inventions for variable valve timing
mechanisms. Review papers [1] to [3] describe various
systems and also reler to appropriate detailed papers
and patent specifications. The large arrav of proposals
can be classified in various ways but the method given in
reference [1] has been found convenient. An adapted
simplified version of a diagram from that paperis shown
in Fig. 1. The factors affecting the choice of mechanism
were as follows:

I. The mechanism had to provide accurate valve
motion at all times despite the high levels of positive
and negative valve accelerations used in modern high-
speed engines. This is currently achieved by design-
ing the cam profiles to give specified vanations of
acceleration which are completely conunuous over
the whole 360 of camshaft rotation. The valve train
components then have to be light enough and suff
enough to lollow these accelerations without exces-
sive loads. stresses or deflections. This means that
any variable mechanism used also needs to be light
and stiff in order to be able to achieve its intended
valve timing variation without compromising the
essential continuous control of valve acceleration.

2. The chosen mechanism had to be readily applicable
to the l6-valve version ofl the Rover K series engine
which is described in reference [4]. This is a four-
cyhnder engine with belt-driven twin overhead
camshafts operating bucket tappets which act

directly on the valves.

3. The performance benefits had to justify the manu-
facturing cost.

4. The magnitude of the engineering programme
required to bring the chosen mechamsm from
concept to production had to be acceptable.

It soon became apparent that the many possibilities
covered in Fig. | were not of equal merit when judged
against the above factors and many could be discarded
immediately. Others justified detailed consideration
involving mathematical analysis and tentative design
layout. The outcome was the selection of the cyclically
varying angular velocity type of VVT for use on the
Rover K senes engine. These mechanisms have the
advantage over simple phase change systems in that thev
vary cam period as well as phase.

2.2 Cyclically varying angular velocity systems

This class of mechanism provides variation of the valve
‘opening period by varving the angular velocity of the
cams during each revolution. Reduced opening periods
compared with the base cams can be obtained by
slowing the rotation of the cams relative to the crank-
shaft as each valve opening is approached. speeding the
rotation during the valve opening periods and then
slowing it again after the valves are shut. One complete
camshaft revolution suil takes the same time. i.e. the
mean camshaft speed is exactly one hull’ of crankshaft
speed. but there 1s a systematic variation in the angular
velocity of each cam during the revolution. Similarly
increased opening periods relative to the base cams are

VARIABLE VALVE TIMING MECHANISMS

I

|
MECHANICAL ACTUATION

|
DIRECT ACTUATION
- electro hydraulic
electro magnetic

VARIABLE
CAMSHAFT

MOTION OF TWO

VARIABLE PHASE CAMS
COMBINED WITH A LINK

VARIABLE FOLLOWER
- Links with movable pivots
- Hydraulic tappet with lost motion

l l

STEADY PHASE ALTERNATIVE 3D CAMS 2D CAMS
VARIATION SWITCHED CAMS (moved axially EXPANDING
(e.g. BMW Vanos) (e.g. Honda vTEC) to vary) CAMS
{moved
CYCLICALLY Circumferentially
VARYING ANGULAR to vary dwell)
VELOCITY

(Chosen by Rover - the subject of this paper)

Fig. 1 Classification of mechamsms
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THE VARIABLE VALVE TIMING MECHANISM FOR THE ROVER K 16 ENGINE. PART |

obtained by slowing the cams through the valve opening
period and speeding up during the rest of the revolution.

There are various mechanisms for cyclically varying
the angular velocity of the cams suggested in the lit-
erature. All depend on creating eccentricity between
each cam and its drive. The Rover mechanism is based
on that devised by Associated Engineering Limited
(AE). which is described in references [5] and [6].

2.3 The Rover variable valve control (VVC) mechanism

Figure 2 shows the mechanism applied to one pair of
cams of a four valve per cylinder engine. The input shaft
and the camshaft are concentric while a slotted drive
ring is mounted eccentricaliy to both. running in a
separate bearing. Two drive blocks sliding in the slot
transmit the drive from the input shaft to the camshaft
via the eccentric drive ring. The magnitude of the drive
ring eccentricity. combined with its direction relative to
the line of vaive motion. controls the change in valve
period compared with that of the base cam. Adjustment
of the magnitude of the eccentricity or its direction or
both together provide the variable period characteristic.

A particular feature of the Rover mechanism is the
eccentric sleeve control [7]. the geometry of which is
shown in Fig. 3. The drive ring is carried on a roller
bearing mounted in a control sleeve. which is in turn
mounted eccentrically to the common camshaft and
input drive centres. Rotation of this control sleeve varies
the position of the drive ring centre around a circle. As
shown in Fig. 3, the design is proportioned so that the
circle passes through the common camshaft and input

drive pin

drive blocks

datum direction

149

drive centres. At one setting. therefore, the drive ring
can be positioned concentrically with that common
centre and then. for a steady input drive speed. there is
no cyclic variation in cam angular velocity and the
effective valve period equals that of the base cam. In
addition to the prohle of this base cam. the other van-
ables available to the designer in meeting the range of
valve timing required and achieving acceptable valve
motion over that range can be seen in Fig. 3. They are
the magnitude of OA. the direction of OA relative to
datum. te. angle o. and the amount of adjustment
permitted between end stops. i.e. the positions of P; and
P,. Choosing an appropriate combination involved
detailed study of many combinations. [n order to do this
computer programs have been developed to analyse the
characteristics, i.e. the motion of the cam at any
mechanism setting for steady input drive rotation. and
link those characteristics to the Rover cam profile design
program [8]. Appendix 2 outlines these calculations.

2.4 Mechanical layout

Agexplained above, the required valve iming variations
are achieved by systematically varying the speed of cam
rotation throughout the whole revolution. In order to
phase correctly it is therefore necessary to provide one
mechanism per valve. or. in the case of four-valve
engines, per pair of identical valves in each cylinder.
Most proposed four-cyvlinder applications of cyclically
varying angular velocity VVT systems use one double
eccentric unit situated between cvlinders | and 2. serving
those two cylinders and a second double unit situated

input shaft

Fig. 2 Mechanism apphied 1o one set of cams
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AP 1S MADE E£CQUAL TC 0OA

LOCUS OF THE CENTRE OF THE DRIVE RING -
CIRCULAR ARC P, O R

OP = ECCENTRICITY OF THE DRIVE
RING AT A PARTICULAR SETTING
1

CENTRE OF CONTROL
SLEEVE HOUSING

COMMCN INPUT ——
SHAT T CAMSHAFT

CENTRE

e

ENGINE VERT CAL—/
- LINE OF PISTON
MOTION

LINE OF INLET VALVE
MOTION - DATUM
FOR ALL ANALYSIS

Fig. 3 Geometry of eccentric control sleeve

between cvlinders 3 and 4. The input drive shaft passes
through holes in the eccentric drive rings and in each of
the separate camshaft segments. The normal front
camshaft drive pulley or sprocket is retained. Relerence
[5] describes the AE system applied to an experimental
version of the Fiat 124 engine during the 1970s. How-
ever, that engine only had two valves per cylinder and a
relatively wide valve angle. A modern four-valve layout.
as might be expected. severely limits the axial length
available for the mechanisms between cylinders and in
addition the presence of the main cylinder head bolts
significantly limits the diametrical space available. The

Table 1 Details of the VVC engine

Bore 80 mm

Stroke 89 Imm

Capaaity 1796 cm’

Compression ratio 10.5:1

Fuelhing Sequential MPI

fgrition Direct using double-output coils

Engine management
Ranung «DOTRR 195 EEC)

Rover modular engine system (M EMS)

Power 107 kW at 7000 r min
Torgue 174 N'm at 4500 r.nmin
Fuel specification 95 ULG

DOUBLE vVC UNIT —.
CvL 384

-

Fig. 4 Relative location of VVC units and drives

eccentric units have to be designed with sufficient torque
capacity to withstand the loads caused by peak cam
acceleration at maximum engine speed and this controls
the size required. Although it is very convenient to
locate the eccentric units between the cvlinders. a pre-
liminary layout showed that a satisfactory design could
not be found that did not increase the engine height and
involve unacceptable modification to the proven K16
cylinder head and engine.

The logical alternative was to arrange for extensions
from the camshafts for the inner cylinders to pass
through the centre of the camshafts for the outer
cylinders and mount a double eccentric umt at each end
of the engine. The obvious disadvantage is that an input
drive at half engine speed is required at the rear ot the
engine in addition to the normal one at the front. If the
mlet valve timing is to be varied and not the exhaust.
then the exhaust camshaft can conveniently act as a
layshaft and drive the double eccentric unit for cvlinders

Table 2 Range of adjustment available from the VVC
mechanism with the housing eccentricity ratio (OA
rp in Fig. 8) =027

Maximum Minimum
Scetting period Concentric  period
Sleeve angle ~ (deg) |40 180 2235
Angle ol eccentricity ¢ {deg) 130 170 12.5
Eccentricity ratio 0.092 0 0.103
fnlet valve pertod (deg) 298 260 220
IVC degrees ABDC 78 7 40
VO degrees BTDC 37 23 0

Proc Instn Mech Engrs Vol 214 Part D

DO31Y9 ¢ IMechE 2000




+
e |
#7]
7

Bnig
Wovaungg

THE VARIABLE VALVE TIMING MECHANISM FOR THE ROVER K16 ENGINE. PART |

PERIOD VG

MAX. PERIOD SETTING

CYL. 1 CAM -
o}

%

CyLAa

»
| o o

1.4 4 MIN. PERIOD SETTING -

CAM P'D. |ive IVO\ SYL 1 -

Cam Angular Velacity / Drive Angular Velocity

CcyL.2

%AM

PERIOD
IVO |a— 3 IVC

T T

0 30 60 90 120 150

T Tt L T — T ™

180 210 240 270 3006 330 360

Drive Angle ¢‘ (deq)

Fig. 5 Cyclic velocity variation at maximum and minimum period settings

3 and 4 by means of a short toothed belt at the rear of
the engine. This arrangement. shown diagrammatically
in Fig. 4. was chosen as a suitable compromise between
performance and manufacturing cost.

The novel arrangement of the mechanical components
developed to fit the double VVC units into the confined
spaces on the ends of the engine is described in Part 2 of
this paper [9]. As the project progressed. a decision was
taken to integrate the VVC system into a new 1.8 litre
version of the Rover K16 engine. firstly for usc in the
MGF nmid-engined sports car and then in a high-per-
formance version of the Rover 200 saloon.

Both cars were to be on sale to customers in 1995,
Table i outlines the engine specification. The values of
the VVC mechanism variables were selected te produce
the required engine charactenstics. All detatls given in
this paper specifically apply to that application. Table 2
shows the available range of continuous adjustment.
Figure 5 shows the resulting cvclic variation in angular
velocity during one camshaft revolution for the cams
driven from the front VVC unit at the chosen maximum
and mummum period settings. The position:s of the
zotual valve events for cylinders | and 2 are idewtified in
zzon c2se. This oyclic velocity variation, which is the
22 “>1 hoth ovlinders but with a phuse difference in
oot it angle of 99 . was calculated from the

~—=.-z=:sm geometry as outlined in the scciion of
Acoemo oy I ooxenng mechamism kinematics. Figure 6
«7as =z rzsaiung 1nlet and exhaust valve lift diagrams
{s Ma=E e

for the VVC engine izlative to each other and also for
the corresponding base engine which does not have
variable valve timing.

— T
WG — 9.2 LIFT 9.5 LIFT
MAX
/ EXH INLET MIN
 p— ] ‘,
[ n— 250 * 220
295°
BASE 8.8LIFT 8.8 LIFT

INLET

/ EXH
=

R Y

|

BDC TDC BDC
Crank Angle (deqg)

Fig. 6 Valve lift diagrams for VVC and base engines
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3 CONCLUSIONS

The use of vartable valve timing on petrol engines is now
receiving increased attention in the industry. This is to
meet customer expectations for vehicles with improved
performance coupled with reduced fuel consumption,
but at the same time meecting the exhaust emission leg-
islation.

Part 1 of this paper has presented the results of the
feasibility study. discussed the basis of the concept
selected and outlined the practical mechamcal
arrangement for the high-performance version of the
Rover K16 engine with variable valve tirming. Part 2
describes the mechanical layvout. the development work
necessary to bring to production and the performance
obtained.
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APPENDIX 1

Definition of variable valve timing

-

r gure T shows a typical valve event diagram for a four-
- a2 spark tignition engine. When variable valve timing
i+ 232d the angular position of some or all of these events

22n ~e varned. These changes are conveniently described

S mem Mecm Eegrs Vol 21 Pant D

by changes in cam phasing, i.e. the angular relationship
of the opening point relative to engine TDC or BDC,
and changes in penod. i.e. the total angle between valve
opening and valve closing. Some systems vary one only
and others vary both. Some mechanisms also vary valve
lift.1.e. the maximum linear movement of the valve from
is seal.

APPENDIX 2

Eccentric sleeve geometry

Referring back to Fig. 3. the geometry of the eccentric
control sleeve can be used to calculate the eccentricity
of the mechanism and its direction. The independent
variable for the mechanism is ~. since this angle is
adjusted by the control system to vary valve period
tor different engine conditions. This angle ~ is mea-
sured clockwise from the direction of the housing
e€centricity OA. When the sleeve angle is adjusted the
resulting change in the mechanism eccentricity angle =
is equal to the change in angle 5. This angle is also
measured clockwise from the direction OA. From
triangle OAP,

=2 wheny < 7 |
n= (1)
2+ whent <~ < 2x '

Direction of eccentricity from chosen datum:

I=a+y (

[®)

Magnitude of eccentricity:
OP = 20A cos )
Eccentricity ratio:

P 2 0
ER:Q—: OA cospy (3]

Tp “p

For any tnal value of OA the direction and magnitude
of the eccentricity for various sleeve positions, as
defined by a range of values of angle ~. can be calcu-
lated from equations (1) to (3). It is then necessary 1o
determine the kinematic behaviour of the VVC
mechanism for these control sleeve settings. Retaining
the same control sleeve setting as Fig. 3. Fig. § shows
the mechanism geometry with the rclative position of
the cam profile at one point in the input drive shaft
revolution defined by angle .

DO ¢ {MechE 2000
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OVERLAP

EXHAUST
VALVE
PERIOD

INLET
VALVE
PERIOD

i
BDC

Fig. 7 Typical valve event diagram for a four-stroke engine

Mechanism geometry

For a particular control sleeve setting, the mechanism
needs to be defined for each value of dur.e angle o
around a camshaft revolution. This involves calculating
cam angle # and also the relative positions of the drive
blocks in the eccentric drive ring by evaluating PD and
PF. From tnangle OFD,

f—o+20=nm (4)
From triangle OFP,

OPsin(f — 2)
[OF? 4 OP* - 20F OP cos(# - :‘)]l :

siné =

and since OF = r, and ER is detined as OP/r,.

, ERsin(# - =)
siné = - " (5)
[1 + ER* — 2ERcos () — )] '~
Similarly, from triangle ODP.
Gnd = ERsin(z — o) ‘ (6)

[l + ER? = 2ERcos (= — )"~

DU319Y ¢ {MechE 2000

Also, from triangle ODP.

PD = [OD" + OP* — 20D OP cos(z — o)]' *

Hence.
PD L .
—:‘;I+ER‘—2L~RCOS(5~0)]" (7
rp :
Since triangle OFD is isosceles.
{0 — )
FD = Zl‘p Sln(—z’—)
and so
PF . (¢0—-0oN PD
= asin[ 2 )— (8)
rp L I':p

Equations (5) and (6) are alternative expressions for
sind and hence &, the « ne in terms of #.z and ER and
the other in terms ot .« and ER. The choice depends
on the calculation required as shown in the next two
sections.

Proc Instn Mech Engrs Vol 214 Part D
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Fig. 8 Mechanism geometry at one position during a camshaft revolution

Variation in valve events

When selecting appropriate mechanism settings. i.e. OA
and a. and the valve event timings for the base cam. the
designer needs to explore the varniation in valve opening
and valve closing over a range of control sleeve adjust-
ment for trial combinations. It can be seen from Fig. 8
that maximum valve lift always occurs when 8§ = 7 since
the peak of the cam profile is arranged to be in line with
the cam drive pin. The cam angle diflerence from max-
imum lift to any other valve event of interest, e.g. valve
opening or valve closing. is known from the shape of the
cam profile. Therefore the corresponding value of 8 1s
also known. The engine crankshaft 1s coupled to the
input drive shaft not directly to the cams, so that the
engine timing of a valve event depends on the value of o
at which the event occurs. When the mechamsm s
concentric, angle & 1s zero and so from equation (4)
# — o = 7. Since this difference between ¢ und o s
constant. the valve events are spaced as specified by the
base cam profile. For any other control sleeve setting,
1.e. a chosen value of -, the corresponding values of =
and ER are calculated as given in the section on
eccentric sleeve geometry above. In this case equation
(5) 15 the required equation to evaluate angle o for each
valve event. The difference in the timing of an event
from the corresponding value when the mechanism is

Proc Instn Mech Engrs Vol 214 Part D

concentric 1s 24 from equation (4). An example of results
from this calculation is given in Table 2 for the two
extreme settings of the production mechanism.

Mechanism kinematics

In a given application the mechanism settings. the valve
event timings for the base cam and the desired range of
adjustment are deteritiined by studving results from the
calculations outlined in the previous section. In order to
design the VVC umts. the shaft angular positions.
velocities and accelerations and the linear positions.
velocities and accelciations of the drive blocks relative
to the dnive ring slots are required. The evaluation for
various control sleeve settings, e.g. at the minimum and
maximum period positions. is carried out all round one
input dnive revoluticn. t.e. at intervals of o from 0 to 2r.

The corresponding values for = and ER are calculated
for each control sleeve setting as before using the
equations given 1n the section on eccentric sleeve geo-
metry. In this case » 1s the independent variable o
equation (6) is used to calculate the angle ¢. The value
for the cam angle # follows from equation (4). The
relative drive block positions, PD and PF. are evaluated
from equations (7) and (8). The angular velocity of the

DO3YY ¢ {MechE 000
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cam 18 obtamed by differenuiating with respect to time.
from egquation (4).

. dé
) = —2-= 9
H = O(l d(D) { )

From equation (6).

)l + ERYsin’(= — o)

do —ERcos(z —¢

= 33 — > (10)
do Sl (1 —sin" &)~

where f{o) is defined as
flo) = | + ER* —2ER cos(s — ) (11)

flo) is used in equation (10) to avoid writing a very
jengthy expression ansing {rom differentiating the fairly
complex arcsine function.

The input drive block velocity relative to the slot is
obtained by differentiating equation (7):

PD B ERsin(z — o)
oo ey’ -

(12

The camshaft drive block velocity relative to the slot is
obtained by differentiating equation (8):

PF 9 —o\(6 PD
— = |COS 5 - —1 — - ( 13)
rpro -~ (o] rnt

p

The corresponding accelerations are obtained by dif-
ferentiating again with respect to time. but remembering
that tor design the input shaft angular velodity o is

D099 <& [MechE 2000

assumed constant and equal to halt of the engine speed.
The expressions are straightforward. but due to the
number of terms becume lengthy to write. They are not
therefore included in thus appendix.

Cam profile design

A cam profile with a selected period and acceleration
charactenstic 15 specified using the proven design
method [8]. which s used for all Rover cams. At the
concentric setting therefore the valve motion ts com-
pletelv defined. The valve motions at other settings.
usually minimum and maximum periods. also have to be
studied. Constant angular velocity of the input drive is
also assumed in this calculation and for one degree
mtervals of drive angle o the corresponding values of
cum angle # are found from equations (4) and (6) as
before. For each value of # the cam profile design hles
are interpolated to give valve lift and also the valve
velocity and acceleration generated by the cam profile.
These values of velocity and acceleration are then
combined with thos¢ due to the c¢yclically varying
angular velocity arnd acceleration gencrated by the
eccentric mechanism. which are calculated as described
in the previous section on mechanism kinematics.

[n order to optimize for desired charactenstics. a
series of base cam profiies 1s studied over the intended
range ol mechanism adjustment. The data produced by
the analysis are then wsed as input to computer pro-
grams used for mechanical design. e.g. valve gear
dvnamics. bearing loads. component stressing and
determination of drive belt loads.
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