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The variable valve timiing mechanism tor the

Rover K16 engine

Part 2: application to the engine and the

performance obtained

P H Parker*
Rover Group Limited. Warwick. UK

Abstract:

Part 1 of this paper described the principles and basic design oI the Rover variable valve

timing system (VVC). This second pait describes in detail the mechanical des gn which was developed
to suit the particular requirements ..1" the planned 1.§ litre version of ¢lic Rover K16 engine. The
testing programme undertaken to s'ablish durability and prove the pso:dfuct is covered and the
performance obtained from the VV< :ngine is compared with the corresyonding hase engine which

uses standard valve gear.

Keywords:  variable valve timing. ¥ VC

NOTATION

AFR air-fuel ratio

ATDC after top dead centre (deg)

BDC bottom dead centre

b.m.e.p. brake mean effeciive pressure (b’

ECU electronic control unit
Ive inlet valve closing
Ivo inlet valve opening

WOT wide open throttle

1 INTRODUCTION

Part | of this paper [1] deseribed the principles of the
operation and introduced the chosen arrany: ent of the
mechanisms for the variable valve timing sysi:in used on
the VVC version of the Rover 1.8 hitre Ki cagine.
The particular inlet valve timing required at a given
engine condition 1s obtained by varying ilie angular
yelocity ratio of the cams relative to the 2ngine crank-
shaft as they rotate. The amplitude and phise of this
cyclic variation is adjusted to change the iing. Each
cvlinder requires an individual mechanism -5 synchro-
nize with the engine firing order and as c¢splained in
reference [1] the compact design of the K «.1ies engine
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led to a decision to situate one double variable me-
chanism on each end and use the exhaust camshatt as a
fayvshaft to take the diive to the rear mechanism. Even
then the space availible 1s restricted both radially and
axially. which mad: the design and development of the
system very challenging.

2 MECHANICAL LESIGN

2.1 VVC componciiiy

Figure | 1s a plan «wew of the camshaft drive and the
VVC arrangement ., the engine. which shows how the
mechanisms have heea fitted into the space. Figure 2 15
an exploded 1somct: v view of the rear double eccentric
unit and Fig. 315 a photograph of the engine cvhindor
head sectioned for v . bition. These three figures can be
studied in conjuncrr o with the following notes. which
Jist the main mect.iical design features:

[. The double cccentric units have been made as
compact as n.--tble in the axial direction by
arranging {or .u.aponents to overlap each other
where possiblc. This can be seen in Fig. 2. The
various cut-owz: ui the components. which allow for
the relative miction, have been designed to clear
within the choscn range of valve period adjustment.

2. The front and rear assemblies are similar but ren
identical. The fuct that the two assemblies are
opposite-hand coupled with the tour-cylinder engine
firtng order. namcly 1-3-4-2, results in differences
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clearance for
cylinder 4 input
drive pin

cylinder 4 cams

control shaft

cylinder 3 cams

-
s

2

input shaft
assembly

control sleeve

needle roller bearings

drive ring
cylinder 4

clearance for cylinder
3 cam pin

toothed ring for feedback signal

Fig. 2 VVC mechanism: rear double unit

between the Tront and rear housings. input drive
shafts. control sleeves and camshafts. However. the
drive rings. bearings and drive blocks are common.

. The valve operating loads are taken directly on the

standard bearings situated between the two cams
associated with each cylinder. This is exactly the
sume as for the base engine. Becuuse the inlet
camshafts for each cylinder are separate compo-

nents the axial thrust loads have to be taken
individually on the upper bearing caps situated in
the cam carrier. which is bolted on to the cvlinder
head. This difTers from the base engine where the
camshalt thrust is taken on dedicated faces situated
on each side of the rear bearing. The hyvdraulic
tappets from the base engine were specified in the
initial design. but subsequently modified versions

Fig. 3 Cylinder head (sectioned example used lor exhibition)
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from the same supplier. which were 17 per cent
lighter. were substituted to reduce maximum cam
drive torque.

4. The exhaust camshatt is made in chilled cast iron
exactly as those 1 the standard K senes engies.
However. in order to permit individeal matenial
choices to suit the ditfering functions of each
feature. the individual inlet camshafits use composite
construction. The iron cam lobes are sintered on to
tubular steel shafts. This ensures that refatively thin-
walled shafts with adequate bore diameter for the
nested shaft arrangement can be used. but having
sufficient tenstle strength and duculity for the
interference fits. However. the vital cam-tlappet
interface is similar to that of the proven base engine,
namely iron cams against hard steel tappets. The
end flanges of the outer cylinder camshatts are made
in a sintered copper iron alloy. furnace brazed to the
tubular shafts. Unlike cast iron, this alloy has
adequate tensile strength to properly support the
interference needed to secure the drive pins.
An extra bearing. in the form of a thin-walled
bronze bush to support the extended inner cam-
shaft. 1s nested between the two camshufts at each
end of the engine. These bushes are only subject to
the relative velocity between the two camshafts.
This is, of course. zero when the mechanisms are
concentric and cyclically varving backwards or
forwards at other settings.
6. The end housings carry the eccentric bores for the
control sleeves, 1.¢. eccentricity OA in Fig. 3 of Part
I of this paper [1]. All the bores in the cyvlinder head
are concentric with the normal camshaft bearings.
in order to reduce [riction. the eccentric drive rings
run on needle roller bearings mounted in the control
sleeves. The drive rings are investment castings with
the accurate slot for the drive blocks finished by
broaching and the outer diameter hardened and
ground to form the inner track for the roller
bearings.

8. The input drive shafts are mounted on two row
angular contact ball bearings. These shafts are
supplied as integral subassemblies from the bearing
manutacturer with the inner tracks ground directly
on to the shaft surfaces. These bearings have to
withstand a combination of drive belt joads and the
drive pin loads from the camshafts. These loads
combine to produce offset alternating bending so
the bearing specification calls for relatively high
load capacity in the limited space and also close
control of clearances.

9. The front timing beit could not be moved from its
standard position. The diameter of the camshaft
pulley and the number of teeth also had to remain
the same as<for the standard engine. The mechanism
was therefore designed so that the housing would fit
inside the deeply dished pulley shown in Fig. 1. The

n
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rear pulleys were nmade smaller with a less deep dish
since the axtal position of the rear belt could be
chosen to suit.

10. The standard Ki6 camshaft o seals with their
associated  design  features. which have proved
satisfactory in service. are used on the input drive
shatts.

U1, The small drive blocks are sintered iron with the

holes for the drive pins accurately reamed and the

side surface ground to match the drive nng slots.

The blocks are shaped so that they cannot be litted

wrongly m the slots.

The base K16 engine has its ignition distributor

mounted on the end of the inlet camshatt. While 1t

would be possible 1o mount this outboard of the
rcar toothed belt. due to vehicle packaging con-
straints it was decided to introduce direct tgnition
on the VVC engine and elirmnate the distributor
drive. This uses double output coils. one for

cylinders 1 and 4. the other for cvlinders 2 and 3.

The engine management system times the switching

of the low tension current from the crankshatt

encoder. The two spark plugs on cach coil tire
together. which implies a wasted spark during the
exhaust stroke. The spark plugs specified have
platinum tips on both electrodes to permit a lile of

66 000 miles between changes.

[3. The two control sleeves are synchromzed by gears
mounted on a shaft which runs the length of the
cvlinder head. The valve timing is adjusted by
rotating this shalt. The associated control system s
described tn detail in the next section.

2.2 VVC control system

A new version of the Rover engine managenent system
positions the control sleeves in the VVC units to set the
required valve period at each engine speed and load.
These settings are optimized during engine performance
and emission development and are stored in the ECU as
a map of values at chosen sites delined by speed and
inlet manifold absclute pressure.

During steady state running the required accuracy of
the valve period setting is within two degrees of target. It
is nol, however. necessary to remain exactly in step as
the mup sites are passed during fast transients, provided
there 1s no significant loss of engine torque and that the
fuel delivery properly matches the actual amount of air
flowing at any instant. It was therefore decided that a
very fast response servo to move the controf sleeves
would not be justiticd and that by careful development
of a suitable algorithra for the ECU a relatively simple
control system would suthee.

The valve period setiing is measured in the ECU by
continuously caleulating the ratio of the time between
the start of valve opening and the finish of valve closing.
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for one representative cvhinder relative to the time for
one camshatt revolution. This ratio 1s directly propor-
ponal to the valve period. The toothed ring mounted on
the camshaft of cvlinder 4. which gencrates suitable
timing signals in a vanable reluctance sensor connected
to the ECU. 15 shown in Fig. 2. It is important to note
that the measurement of period ¢an only be updated
everv camshaft revolution and a continuous in-
«antaneous reading is not available. The first proto-
tvpes used an electric stepping motor to rotate the
control shaft via a worm gear. but the available speed of
response was disappointing. A decision was therefore
taken to change to an electrohydraulic actuator capable
of applying more power. Figure 4 shows a diagram of
this actuator. Engine lubricating oil at the prevailing oil
gallery pressure is switched by a four-way twin solenoid
spool valve to move a hydraulic piston. which in turn
rotates the control shaft via a rack and pinion. When
both solenoids are switched off the piston 1s hy-
draulically locked at a particular setting. The control
valve solenoids are simple onsoff devices. The basic
principle of the algorithm s that while the setting re-
mains bevond a predetermined outer band the appro-
priate solenoid can remain switched on to move as
quickly as possible towards the target. Once the setting
is-between the outer band and the inner dead band.
adjustment is only made using mimmum pulse times on
the appropriate solenoid and then waiting for the effect
to be fully recorded in the updated feedback readings.
The values used for the minimum pulse times are ef-
fected mainly by oil temperature but also by whether the
period is increasing or decreasing. The other main fea-
ture of the algorithm is the compensation applied to the

temperature
sensor

4-way twiri
solenoid valve

engine 4il

+ direction to increase period
- direction to decrease period

Fig. 4 VVC control actuator
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fue) delivery to allow for airlow differences caused by
diflerences between the actual valve period prevailing at
any mstant and that impliait in the ECU fuelling maps.
These ditlerences can be due to the relatively slow ad-
Justment during traunsients as discussed above or due to
mechansm malfunction. The compensation uses a table
of calibrated coellicients. which relate the airflow at any
period setting to that at a nominal median period tor the
range of engie speeds.

3 PRODUCT DEVELOPMENT

The overall test programme for the 1.8 litre K16 VVC
engine followed standard Rover pructice [2.3]. How-
ever. in this case there was special emphasis on carly rig
test and fatigue testing to ensure a tugh confidence in
overall product integrity. The testing process is dis-
cussed in the next four sections.

“«

3.1 Fatigue testing

Individual components. identified from tailure mode
and etfect analvses as being tatigue critical. were devel-
oped separately using a conventional electrohydraulic
fatigue testing machine. These critical components were
the input drive shaft assembly. the outer evlinder cam-
shafts and the inner evlinder camshafts. An alternating
load was apphlied at a frequency in the 10--15 Hz range.
This meant that cveles could not be accumulated as
quickly as on an engine running at high speed. but these
tests have the advantage of allowing an overload to be
applied to establish a definite endurance hmit. Correla-
tion with the results from the cvlinder head motoring
ng. deseribed in the aext section. established an appro-
priate load that the components had to withstand. for
ten mitlion (107) cveles. in order to meet the durability
standard.

The early concept designs of the mechanism had in-
adequate torque capacity and failed either by bending
fatigue of the cantilevered drive pins or futigue of the
structures supporting those pins in the input drive shatts
and the camshafts. The fatigue test results along with
finite element stressing were used to develop the designs
so that the relative proportions of the drive pins and
their surrounding structures were carefullyv optimized
within the available space. This. together with proper
material selection. appropriate specification ol heat
treatment and carefui attention to muanutacturing pro-
cesses. resulted in the very compuct mechanism neces-
sary to fit into the available space on the engine. but
having suflicient torque capacity to withstand all engine
durability cycles.

Proc Instn Mech Engrs Vol 214 Part D
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3.2 Rig testing

Having established conhdence through careful analysis
and fatigue testing of individual components. durability
could be proven by targeted testing on a cvhinder head
motoring rig. This consisted of an isolated cylinder head
assembly mounted on an alumimium base plate through
which it was serviced with o1l and water heated to engine
operating temperature. The camshafts were driven using
the standard timing belt by an electric motor it speeds
up to the maximum engine speed of approximately 7500
r/min. An adapted engine management system was uti-
lized to adjust the cam period specified at each speed
during the running of a range of duty cycles. The dy-
namic loads generated on this rig were very stimilar to
those experienced on a firing ¢ngine. but cormponent
failure would not lead to engine termination and so re-
placements could be fitted quickly in order to csntinue
testing. Specific test regimes were developed Lo assess a
range of engine speeds and cam penod settings beyond
the harshest customer usage in order to guurantee
component hife.

In order 1o assess the long-term durability of the
control svstem a separate rig was used that alfowed cy-
cling tests on the hvdraulic control unit. This nz wus
serviced with heated engine ol and appropriute signals
to the spool valve solenoids. The unit was subjected to
repeated actuations from one extreme to the other. 1e.
from mimmum period to maximum period settings. The
clectrohydraulic spool valve. the piston rack punon
mechanism and the oil scals were shown to have ade-
quate durability using this nig.

3.3 Test bed running

In parallel with the test programme. a test bed durability
programme was undertaken on the engine. in the carly
stages the objective was to establish uitimate duribility
of the VVC mechanism, but later the objective became
reliability confirmation through the use of morc but
shorter tests. In this way. accelerated testing scparate
from ongoing vehicle work could be conducted. This
technique is discussed in greater depth in reference (2).

3.4 Vehicle testing

Early product development engines were installed in a
range ol simulator and engineering vehicles. The iirst
objective was to subject the VVC engines to reual user
conditions, including hot and cold climates. high-speed
autobahn driving, as well as extended mileage of nor aal
road driving. The second objective was to allow develop-
ment of whole vehicle packages. Applications of the new
power unit included both the mid-engined sports car and
front wheel drive vehicles. Therefore the various cugine
and vehicle component teams needed to optimize n-

Proc Tnstn Mech Engrs Vol 214 Part D

stallation and equipnient to take into account the asso-
ciated differences 1 intake and exhaust svstems.
underbonnet heat management, ete. Later specification
engines were then fitted to the intended vehicles and sub-
jected to the appropriate development and sign-ofT tests.

3.5 Engine refinement

The VVC engine is part of the Rover K series family and
thus shares the refinerient benefits and characteristics
derived from the structural features, mechanical details
and combustion system developed for earlier versions.
The key area tor relincuicnt work on the VVC project was
therelore the novel valve train. The important items were
cam profile design, waterial selection, liits, fits and
clearances. These are discussed in the rest of this section,

Cam prohile design is the usual compromise between a
desire to increase valve Lt for maximum performance
and restricting valve acceleration to limit drive belt

Joads, cam contact stress and noise. The addition of

VVC means that the full range of valve period adjust-
ment hits 10 be considered in the compromise. The peak
loads in the front drive belt are a problem at short
period settings. This is due to three additive effects. Near
minimum period settiig. which is about 2207 crank
angle. the interval between 1VO on any particular ¢y-
linder and [VC for the previous cvlinder in the liring
order. 18 roughly 207 cam anglke compared with about
12 for the base engine with a fixed 2447 cam period.
This phase difference prevents the normal cancellation
ol the positive torque from the opening valve by the
negative torque from the closing valve, which increases
the load on the front drive belt. The production belt was
of course rated for the standard engine. This effect oc-
curs in any variable systern which permits valve periods
below about 2307, whicit s apphed to a four-cvlinder
engine. There are. however two more effects with VVCL
For low period settings the drive torque is higher at any
given engine speed due o the relative speeding of the
cam as it passes the tappzt. Also. the use of exhaust
camshaft as a lavshaft to drive the rear VVC unit via
another belt provides a fuither degree of freedom and
produces an unwelcome c¢xtra torsional nawural fre-
quency, which occurs i the particular speed range
wherc the shorter period seitings are required o max-
imize engine output torque. Detailed analysis of design
iterations produced a spectal asvmmetric cam protfile
which caretully limited vazlve accelerations. With the
help of the reduced weight tappets. minimum inertia
pullevs and addition of o torsional damper to the front

exhaust cam pulley, shown mn Fig. 1 an inlet valve lift of

9.5mm was achieved compared with . 8mm for the
standard engine.

[tas absolutely essentiai to closely control the clear-
ance 1n the two-row anguli: contact ball bearing sup-
porting the input drive staft. I the clearance increases,
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the torque reversals on the drive pins resulting ftom the
cam loads generate unacceptable noise. The housings tor
the double VVC units are therefore made in cast iron to
closely maintain the desired clamping load on the
bearing outer races over a temperature range rom be-
fow —20 to over 130 °C. The cast tron also damps some
of the noise transmitted along the camshafts.

Stringent manufacturing tolerances have been applied
to all rotating bearing and shiding components. since any
extra clearance over that required for smooth operation
leads to increased flexibihity which would change the valve
motion compared with that intended and also generate
noise. Detailed analysis showed that the clearance be-
tween the drive blocks and their parent siots in the drive
rings would need to be controlled through a graded as-
sembly process. This process, which is stmilar to that
normally used for the pistons in their bores. allowed
achievable manufacturing tolerances. but at the same
time enabled stringent in-house refinement targets to be
met. The necessity for close tolerances and surface finishes
also applies to the meshing gears on the control sleeves,
control shaft pinions and the hvdraulic control unit rack.
These teeth are not in the direct valve actuation path. but
the load transmitted 1s not inconsiderable and correct
mesh s critical for satisfactory and retined operation.

4 ENGINE PERFORMANCE

In this section the performance of the K 1.8 hire VVC
engine is compared with that of the base K [.& litre and

reasons for the differences analysed. Both engines are as
specified in the MGF sports car. including the full intake
and exhaust systems.

As tar as possible the two engines are identical.
However. in order to muke best use of the variable valve
timing characteristics three other changes directly af-
fecting performance behaviour were made o the VVC
engines in addition to fitiing the mechamsms described
in this paper:

[. In order to improve breathing capabilitv.  the
diameter of the et valves was increased from 27.3
to 31.3mm and the diameter of the exhaust valves
was icreased from 24.0 to 27 3mm.

. In order to increase low capahility the cross-sectional
arca of the inlet mamfold tracts was increased by 12
per cent.

3. The exhaust cam period was increased from 240 to
252 and the exhaust valve fift from 8.8 to 9.2 mm.
The exhaust cam 20 ATDC
compared with |2 tor the base engine. See Fig. 6
ol reference 1] tor dewils of the valve timings used.

19

is set to close at

41 Behaviour at low-speed/low-load conditions

The two test conditions used to represent this area
of engine operation are 20001 min 2 bar b.m.e.p. and
2400 r mun 3.5 bar b.m.c p. At these conditions the VVC
1s set to inlet valve tiaings quite close to those of the
fixed camshaft. which 15 used in the base engine. The
later exhaust valve ciosing referred to 1n the last para-
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Fig. 5 Power and rorque- comparison of VVC and base engines
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Fig. 6 VVC settmgs at WOT

graph means that the YVC engine has increased overlap
at these settings.

For both conditions the specific fuel consumption is
closely simifar for both engines. This result s expected
since both operate at stoichtometric AFR to produce
the required exhaust gas composition for the threc-way
catalvsts fitted to the vehicles. and combustion chainber
heut fosses and engine mechanical friction tosses should
be similar. The out-of-engine NO, emussions of the
VVC engine are about 30 per cent less than the base
engine due to the higher in-cvlinder exhaust residuals
resulting from the increased overlap. The hvdrocarbon
emissions at cach condition for the two engines ate si-
mifar.

At idle the minimum period sctting of the VVUC 18
used. which brings the overlap back to that of the
standard engine despite the later exhaust valve clos-

ing. As a result idle stability is similar for both cn-
gies.

Proc Instn Mech Engrs Vol 214 Part D

4.2 Wide open throttle (\WOT) performance

Figure 5 shows the power and torque plotted against
speed for the two enguies. It is apparent that a sub-
stantial increase in powds has been obtained from the
VVC engine without {oss of torque at fower speeds. The
VV( settings used o aclveve these benefits are shown
Fig. 6. Figure 7 shows the results of analysing the two
torque curves for brake spectfic air consumption
(b.s.a.c.)and indicated specisic air consumption (i.s.a.c.)
using the mcthod described in detail in reference [4].
Salient features of the voiunetric ethictency and is.a.c
curves are discussed in the next two paragraphs.

The VVC engine shows supertor volumetric efliciency
at high speed. e.g. 7 per cent at 6000 r nun. This would
be expected since the VVC system peromts valve tinings
at high speed normally associated with competition en-
gines. On the one hand. th* farge overlap due to the later
closing of the exhaust valve sind the early opening of the

D0l o [ MechE 2000




Q Hrd P17 1OA SITUF UMW MIsU) d0ag

01 washs uasoyd ay) 1depr 01 Paajoad sem eyl udisap
featueydaw [eonovad ayy pajuasaid £psiy sey saded sy

SNOISYIONOD

autdua
3seq 9yl Yyum pairdwiod spaads ||v e 19m0] St pue Y v
1auea] ay) pue > wst paaoldun ayl yioq woly siygauag
autdua DAA 9y Jo uondwinsuod anj FOM Y 1Y
Smoys § aIndt] ‘paads mo] 1t Yoouy anrwald 30 paads
ySry e 1shipaed 2yl o) il aanjeaadwdy Jsneyxa ay)
FuIpaadxa INoYNM duldud asieq Ayl ueyl [ OM 1B 1auea
0’1 PUB € U2am1ag Y]V UR 1B unl 01 duidua HAA
Y1 SMOJ® UIN] UL SIY [ "UONSNQUIOD 131134 JO 1[nsal ay) si

O00T FUINT 662800

AUUD YA A YT JO I RST PAONPAL Y] “[EdNUIPT ISOW|E
sEsautdua yroq Jo dratwrq ay) 1Ryl o8 Adu2 oA
-NjoA paonpar ay) 10] sajesuadwion spaads woy v pun
YN drarwrg SaseaIoul Yargm ADUIdYGS SN OA
pasvaow oy sjudwdddns s1y) spaads ysy 1y spadds
AO[ pur YAy 10g 18 PRONPUL HE dY] 10 I8N 12112Q SayBW
AUIAUD YA A A 10YT MOYS £ TF1 UL SIAIND S AL
"S120L) 1D|UT BIIE PISEIIOUN
AL W Kdofaa Futwuel PROINpal ay) 10) aesuaduod
Ay ot sdop syl ng CHAd  12ye 1opuny ayi wol)
MOLIYOEG danpal 0 pasn st JAA YL jo Funias pouad
MOUS D1 d1ap autdua aseq Ayl JO 1Ryl ukyl <<af 1uad 1ad
£ SEamdud JAA Y1 JO DUIAWNJOA Y UL 1S B
Spaads aomo) e 1aaamo Y Anpgrden 3w plopurit
AP Jo DNy SAYPWE dAJRA 1AUL dYY O FULSOD 2R|
Y1 IM10 oY) o pue SUIFUIARIS 1OPUIAD sdpadxa 19ful

stsA[pur uondiunsuod gie pue AU wnsunjop L tdry

(wdJ) paadg auibuz

0008 0009 000

0002 [V}

ISV 0P8L A — — —
OAA 0081 W —

)
~

A

o
]
(umi/B) DVSI

HSE
i
o
L oe O
= e
tse =
S
rov =
=
KA

M
-]
(%) “Ad43 "TOA

r 001

t 06

- 001

- G0}

(yeq) 43NW8

r 0°Cl

- G2l

LUV ANIONT 91 YFAOY THL HOA INSINVHOD HINV HNJINTL GATVA 318V I8V A 1




A

P H PARKER
0.40 W
0.35 j ==K 1800 VVC
—— K1800 BASE
z
<
)
2 030
8]
w
7
0.25 -
0.20 - — . ,
0 2000 4000 6000 8000

Engine Speed (rpm)

Fig. 8 WOT specific taei consumption  chmparison of VVC and base engines

the estabhshed Rover K16 engine. This way followed by
an outline of the mechanical test work which was un-
dertaken to prove the integrity of the design. Emphasis
was placed on the particular areas that differed from the
standard engine. which was already proven. The last
section reported the performance obtaiacd from the
VVC engine and compared it with that of the base en-
gine which has standard valve gear.

The paper. together with the associated Part 1. has
shown the wide scope of work that had to by undertaken
to develop a novel variable valve tinung cuitcept into a
completed vehicle application ready to be offered for
sale to customers.
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