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Sammanfattning

Detta examensarbete ar utfort pd uppdrag fran AVL Sodertélje Powertrain Engineering AB.
Malet med arbetet har varit att utveckla ett styrsystem for ett elektroniskt styrt pneumatisk-
hydrauliskt ventilsystem pa en encylindrig forbranningsmotor i en testcell. AVL ar en
oberoende firma som utvecklar drivlinor med férbranningsmotorer samt instrumenterings- och
testsystem. Ventilsystemet, med ett fungerande styrsystem, ska anvandas i AVLs utvecklings-
och forskningsarbete pa férbranningsmotorer.

Ventilsystemet, Free Valve Technology, ar utvecklat av Cargine Engineering AB och bestar av
elektroniskt styrda pneumatisk-hydrauliska aktivatorer som opererar en motorventil individuellt.
Aktivatorernas styrsystem har utvecklats helt i Simulink och implementerats som en integrerad
del i det av AVL utvecklade motorstyrsystemet Raptor. Hardvaran och plattformen &r ett rapid
prototyping system fran dSPACE GmbH. Systemet har visat sig fungera tillfredsstéllande i en
testcellmiljo vid lyfthdjder stérre anh 3 mm och varvtal lagre an 2500 rpm, aven under
forbranning. Under 2 mm lyft blir ventillyftet instabilt och 6ver 2500 varv per minut kan
ventillyftet bli lagre — beroende pa duration — p& grund av att ventiloppningshastigheten ar
konstant i tid, inte vevaxelgrader, och ventilen darmed inte hinner dppnas fullt fére stangning.
Systemets cykel till cykel-variationer pa Gppnings- och stangningstider samt ventillyft ar i
storleksordning pa ca 10 procent inom ventilernas stabila omrade, med paféljande paverkning
pa gavaxlingsvariationerna. Systemets energiforbrukning tillsvarar ca 4 kW for en fyrcylindrig
16-ventils motor vid 6000 varv/min.

Systemet har ett grafiskt granssnitt som tillater att ventiltider och -lyft kan bestammas fritt och
enkelt av anvandaren, men med en sékerhetsfunktion som begransar ventiltider sa att kollision
med kolven undvikas. En funktion fér att kdra motorn i 8-takt finns, och nya funktioner, kan
laggas till.

Slutsatsen som kan dras ar att — aven med de utmaningarna som kvarstar — fungerar
ventilsystemet tillfredsstéallande och kan anvéndas i sin nuvarande form i testcellsmiljo.
Examensarbetet har ocksa visat att kombinationen av Raptor, RapidPro-systemet och frineten
med pneumatiska ventiler éppnar for néstan obegréansade testmdjligheter. Det ar en stark
indikation pa att detta system kan vara vardefullt i AVLs framtidiga arbete med utveckling och
forskning inom férbranningsmotorteknologi.
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Abstract

This master thesis is a project commissioned by AVL Sodertélje Powertrain Engineering AB.
The purpose has been to develop a control system for an electronic pneumatic-hydraulic valve
actuation system installed in a one cylinder test engine. AVL is an independent company
which develops powertrain systems with internal combustion engines as well as
instrumentation and test systems. The valve actuation system is to be used in their research
and development of internal combustion technology.

The valve actuation system, called Free Valve Technology, is developed by Cargine
Engineering AB and consists of electronically controlled, pneumatic-hydraulic actuators
operating each engine valve individually. The control system for the actuators has been
developed entirely in Simulink and implemented as an integral part of the AVL developed
engine control system, Raptor, on a dSPACE rapid prototyping system platform. The system
has proved to be working satisfactorily in a test cell environment at lift heights above 3 mm
and engine speeds below 2500 rpm, even during combustion. Below 2 mm lift height, the
valve operation no longer is stable and dependable, and at engine speeds above 2500 rpm,
valve lift may be truncated —depending on duration — due to the valve opening speed constant
in time, not in crank angle degrees and thus does not manage to open fully before closing. The
system’s cycle to cycle variations of valve timing and lift are around 10 percent inside the
stable operation frame, with subsequent effect on gas exchange variations. Energy
consumption of the system was found to be equivalent to 4 kW at 6000 rpm for a 16 valve
four-cylinder engine.

The system has a graphic user interface that allows the user to freely change valve timing and
lift effortlessly, but with a safety function limiting timing to avoid valve and piston collision. A
function for operating the engine at 8-stroke combustion mode exists, and new features can
easily be added to the existing system.

This thesis has reached the conclusion that even though a lot of problems and challenges still
remain with this system the valve actuation system works satisfactorily and can be used in its
present form in test cell conditions. This thesis has also shown that the combination of a rapid
prototyping system together with the versatility in the free valve system opens almost endless
testing possibilities. It shows a strong indication that the free valve technology will be valuable
in AVL's further research and development in internal combustion technology.
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1 Introduction 1

) #

The basis for this master thesis is a variableevaltuation system mounted on a single cylinder
test engine with an electric brake, installed intest cell at AVL Sodertalje Powertrain
Engineering AB (SPEAB), Sodertélje.

) . t#

Internal combustion engines have been the mairceafrpropulsion for cars and trucks for over
a century. The constant demand for reducing tramgetated emissions leads to a constant
search for improvements in fuel economy. This feroeanufacturers to seek new solutions
where efficiency increases can be found. One ovitad focus areas on the internal combustion
engine (ICE) is the gas exchange process. Theahleduction air and outlet of exhaust gases
are governed by poppet valves, and in almost asi@he valve operation is performed by
camshafts. One of the reasons for the popularitisigmherent synchronization with the piston
movement. However, this means the engine can anbplimized for a certain engine speed and
load and significant efficiency increases can bmegh if the valve timing could be varied.
Camshaft-based variable valve timing (VVT) can pplied, but these systems are limited due to
its mechanics and hence not fully variable. Furttee, generally speaking, these systems do
not allow variable valve lift, only variable valweming. Another solution is to get rid of the
camshaft altogether and use e.g. pneumatics omablds to power a fully variable valvetrain
(FVVT) that also is variable for each valve andleyto cycle.

To better optimize engine performance across thieeeoperating range AVL SPEAB wants to
explore this through an electronically controlledepmatic/hydraulic valve actuator (EPVA)
system that allows completely variable lift, duvatiand timing. A functioning FVVT will be a
valuable aid in the search for improvements in &fétiency. In addition to VVT, it also makes
it possible to test various concepts — such aemifit combustion modes (2, 4, 6-stroke etc.),
Miller cycle’ and temporary valve shutdown — without the needhdwe costly rebuilds the
between each test.

)+$ -/

The main task in this master thesis is to credtenational control system for the EPVA. The
user must be able to request valve opening, duraimd valve lift height. Additionally, the
model should also be able to handle different stroimbustion modes which means the valve
openings must be skipped for a desired numberaésy

Due to external power supply through pressurizggplyuair, it will not be possible to directly
measure actual fuel consumption, i.e. what it wdaddn realistic conditions if this system was
installed in a vehicle. Therefore, this thesis med¢d create a method to determine air
consumption as well as an approach to how much wioatid relate to in increased engine
friction. This is necessary to in the future beeatelcord relevant energy consumption figures and
calculate fuel consumption.

" See explanation in chapter 2.2.2.
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)+0 1

This project will only consider making a functionadntrol system for the EPVA as well as
running a few combustion runs. Installing the systm a vehicle or optimization the fuel
economy will not be a part of this thesis.

The thesis will not go into testing different corsban and operating modes to seek out potential
efficiency gains, only create a control systemtfeg valves, so that any user can operate them
without having to reprogram the control system.

2 #

The programming will be done using MathworkRdATLAE® and Simulin®. The Simulink
model will be embedded in a controlling unit, RapidPro [1] system together with a
MicroAutoBox[2] from dSPACE GmbH. This will be controlled witSPACE’s own software
ControlDesk Visualization and analyzing of the results hasrbperformed in AVLConcerto

The control system for the valve actuators will heta complete engine control system, but an
integrated part in the AVL SPEAB developed enginatml systenRaptor Raptoris entirely
MATLAB and Simulink based and used in a single amdti cylinder test cell as well as in a
vehicle.
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$ . *

In a camless FVVT there is an infinite flexibilitp terms of varying the valve opening and
closing times as well as valve lift. Each valvecantrolled by an individual actuator and each
valve can therefore be activated freely from eatiiero This presents a lot of optimization
possibilities for gas exchange and combustion m®E®and a whole range of new concepts.
There are numerous FVVT solutions, such as a Mariebmshaft, hydraulic, electromagnetic
and pneumatic actuation. These systems have allitldévidual advantages and drawbacks, but
this thesis will concentrate on the EPVA system.

$+) 3% 4 # *

Pneumatic valve actuation uses compressed aiotoder the valve opening driving force. Valve
closing force can either come from pneumatics, e/aprings or both. In this case it is provided
merely by the valve spring itself. Pressurizedaails as hydraulics in the actuator, both holding
the valve in desired lift height as well as corlingl the seating velocity.

The EPVA, called Free Valve Technologly has been invented and developed by Swedish
company Cargine Engineering ABEach actuatér(see figure 2.1 — left picture) controls one
engine valve each and consists of an actuatorrp{#®f) (figure 2.1 — middle & right picture),
cylinder, two solenoids two spool valves, two port valves and a hydraldich. Solenoid 1,
called the timing solenoid (TS), controls a spagive and the hydraulic latch. Solenoid 2, called
the lift solenoid (LS), controls another spool valhin turn, the spool valves controls the air
entering the actuator cylinder.

Figure 2.1: Free valve actuator with piston

" Cargine Engineering AB is a small Swedish compaesed in Angelholm, Sweden, 'devoted to development
and marketing of combustion engine technology rieguemissions and fuel consumption while improving
performance and customer valug3]

* See appendix 1 — Actuator drawings

% The solenoids are Shindengen M114C-3V, see appéndiSolenoid info
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The compressed air powers the piston which pressdble engine poppet valve, causing it to
open (see figure 2.2). To better describe the dyecsgof the system, the complete valve opening
and closing process can be divided into three paitscharging, expansion and dwell and air
discharging. The relation between solenoid sigrald valve movement can be observed in
figure 2.4.

Solenoid 1 \\\

Outlet \

Actuator plston

Figure 2.2: Actuator detail

Air charging state

When the TS is energized, it opens spool valve ichvkhen sends compressed air into the
actuator cylinder. As the pressure rises, it pushesAP outwards and it again pushes on the
engine poppet valve, see figure 2.2. After a tylpiicae delay of 4 ms after the TS voltage has
gone high, the actuator starts opening the engaieey according to Cargine’s specifications.
(This was later seen to correspond well with experits.) The oil check valve S1 is activated
simultaneously as the TS, and becomes a one wag,vstiopping the oil flowing back to the
reservoir. As the oil has the same pressure asith®il is pushed through, and occupies the
piston valve stem volume. See figure 2.3, red ésgurized air and blue is connected to ambient
air.

p-supply

spool valve 1

solenoidl spool valve 2

solenoid2
.+ .
V1input t
V2 input
S2

Patm

outlet port valve inlet port valve
oil S
outlet

inlet

actuator piston

valve spring % I ‘|’ 1

%ﬁ&“

Figure 2.3: Air charging state of the EPVA [18]
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t1: Duration Control Time
t2: Lift Control Time
t3: Delay Time

t l /

o Timing Solenoid Voltage
t2 \ —] ’4— t4
—

i3 Lift Solenoid Voltage

Engine Valve Lift

0 5 10 15 20 25 30 35 40

Time (ms)

Figure 2.4: Typical solenoid control signals and valve lift1&00 rpm [4]

Expansion and dwell stage

When the LS is energized, it opens spool valve Zhvistops the inlet air, see figure 2.5.
However, since the TS is not yet de-energized hifaraulic latch S1 still allows flow into the
actuator and the air can expand further It complesepands until it equals the spring force and
other resistance factors. The hydraulic latch sscuhe valve in the maximum lift height,
preventing oil flowing back to the reservoir anddiog the piston in place. A small oscillating
movement can be seen as the valve compressesl.tfiéisiis discussed further in chapter 5.
Using this strategy, to allow the compressed aiexpand fully inside the actuator cylinder, it
extracts full expansion work from the air and heloveers the energy consumption.

The timing between energizing the two solenoidfiedahe lift control time (see figure 2.4), is
what decides the lift height and it is crucial tgaxithm this carefully to be able to choose height
with a reasonable degree of precision.

p-supply

spool valve 1

solenoidl spool valve 2

3 solenoid2
Vlinput +

V2 input
S2

Patm

outlet port valve inlet port valve

oil S

outlet inlet
actuator piston

valve spring é I_—Iln
sttp | it

Figure 2.5: Expansion and dwell stage [18]

Air discharging stage

When TS becomes de-energized, spool valve 1 retorzero and the hydraulic latch S1 is
opened again. The air trapped in the actuator @gtilbegins to discharge and the oil can flow
freely back into the reservoir, see figure 2.6. ©tiee AP moves close to the valve seat, the
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piston stem enters a dead-end in the stem cylirides. means the oil cannot flow back in the
return line to the reservoir and is trapped. Indtehere is a small slit on top of the valve stem,
see figure 2.1, right picture. The slit is cut atangle to the axis and the further the piston raove
into the dead-end, the smaller the opening whiehaih can escape gets and brakes the valves
efficiently. Changing the distance, i.e. the deatlime distance, in the actuator, the point which
the piston enters the braking zone can be detedramel subsequently lowering the seating
velocity.

p-supply

spool valve 1

solenoidl spool valve 2

solenoid2
L4 -
V1 input +
V2 input
S2

Patm

outlet port valve inlet port valve
oil Sl

outlet inlet

actuator piston

valve spring % f -|‘ 1

%%&L

Figure 2.6: Air discharging state [18]

$+$# " : o

VVT offers a wide range of advantages and bendfitseased torque, higher efficiency, lower
energy consumption and advanced combustion conaeptsome of the things that are rendered
possible by VVT. Some of these benefits and advdmoscepts have been investigated by M.
M. Schechter et al. [5]. An overview of the mogrsficant advantages follows below, with the
advantages specifically for a fully VVA system, buas the EPVA.

Throttling

In a Sl engine the load is regulated by controlling air entering the cylinder. This air intake
throttling causes a near vacuum in the intake ro&hifvhich results in pumping loss. By
eliminating the throttle and instead regulate tineeatering the cylinder by careful timing of the
IV the pumping work can be greatly reduced in amigjine at part load. Both late opening and
early closing can be utilized. This largely redute®ttling loss and improves fuel efficiency
[5]. D. Gleary et al. found that unthrottled operatcould give as much as 7 percent net-specific
fuel consumption improvement using early IV closjj

In addition to the throttling strategy explainedoad, throttling can also be accomplished by
increasing the internal exhaust gas recirculati®®R) and thus reducing the amount of fresh air
entering the cylinder. Or, in fact, perform a Milleycle, as explained in chapter 2.2.2, see figure
2.7 and 2.8.
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Figure 2.8: Valve lift and cylinder pressure — Atkinson andngtard cycle

Increased torque N
The volumetric efficiency is a measure of the effectiveness of a four-stexkgine cycle [7].

This is determined by the resistance in the indacsystem as well as the timing of the inlet

” The volumetric efficiency, is defined as the mass, of air inducted into the cylinder per cycle divitley the
volumeVy that is displaced by the piston multiplied with dénsity ,; [7]:
— ma
! /'ian
The air density 5 can either be atmospheric density or the air dgrisithe air manifold, with the former case
measuring the pumping performance of the entiret system and the latter measuring the pumpingpegnce of

the inlet port and valve only.
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valves. By timing the valve opening and closingcannection with the pressure waves in both
intake and exhaust manifolds the volumetric efficie can be bettered. In non-variable
camshaft-driven engines the valve timing is compseah between high and low engine speed.
By optimizing valve timing for the entire engineesgl range, the volumetric efficiency can be
improved, leading to a significant torque incregge

Faster burn rate

The faster the burn rate, the more stable and taipleathe combustion is, which offers good
emission control as well as provides efficiencyngal7]. Turbulent flame propagation speed
depends on turbulence and the burn rate will iregeaith higher turbulence. One way to
increase turbulence is to delay inlet valve operfiW@) until well after top dead center (TDC).
When the volume is greater and the piston has arhigher downspeed, it will increase the air
intake speed and consequently turbulence. At loginenspeeds, reducing the valve lift will
have the same effect as the air enters at grgagedghrough a smaller orifice.

Another solution is to only use one intake valvpat load or low engine speeds. This increases
the intake air speed and tumble. Furthermore, rasrdiers on one side of the cylinder this also
creates swirl (rotational air flow around the cgiém centerline) in the combustion chamber,
which in turn increases the turbulence and air-fueding [6]. P. A. Stansfield et al. [8] show
that significant fuel consumption reductions cobtl found using unthrottled engine operation
and single-valve shutdown, due to the extra swid tumble (rotational air flow perpendicular to
the cylinder centerline) impact.

Optimized compression ratio

The compression ratio is directly related to efficty, but a too high ratio heightens the risk of
knock. A variable compression ratio that can blerted to load, speed etc. is therefore desirable
[5]. The effective compression ratio can be changétiout changing the expansion ratio, by

varying the inlet valve closing (IVC) timing withteer late (after bottom dead center) or early
closing. This also makes Atkinson/Miller cyclinggsible as well, see more in chapter 2.2.2.

Optimized expansion ratio

In a normal ICE the EV opens well before BDC to@ate excess exhaust gas pressure before
the piston turns, blowdown. This timing is optimdzéor maximum power, and this means a
relatively high engine speed. The higher enginedpthe earlier the EV has to open to ensure a
complete blowdown. At low engine speeds, the EVhamg (EVO) is too early to make full use

of pressure work on the piston. By retarding EVQoater engine speed, this consequence of
fixed valve timing can be countered [9].

Exhaust gas recirculation

In direct-injection stratified charge (DISC) Sl a@dl engines a big part of the emission control
challenge is to deal with nitrous oxides (NONOy formation is dependent on combustion
temperature and the existence of oxygen. A higlertent of exhaust gases lowers the
combustion temperature and as a result lowersgatraoxides generation [5]. If the EVC is

retarded to after TDC the piston will suck back &x$t gases into the cylinder, the later the
valve closes the more exhaust gas is sucked il pefcent NQreduction has been reported by
M. M. Schechter et al. using camless variable valteation (VVA) [5].

Improved idle

Idling stability is negatively affected by residugds in the combustion chamber. By careful

tuning of the valve timing the amount of residugh&ust gases during idling can be reduced and
thus improve idling stability [9]. Furthermore, tliting speed can be reduced and lower the fuel
consumption.
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Step response

Step response time for a FVVT is considerably shothan a camshaft base FVVT — like
BMW'’s Valvetronic[10]. A camless VVA system can rapidly switch beém individual cycles,
since it receives control signals every cycle, whil camshaft operated needs many cycles to
switch due to limiting mechanics and hardware inert

Hybridization

S. Trajkovic has studied the possibility of utifigi the EPVA to create a pneumatic hybrid

vehicle as an alternative to an electric hybridieleh[11]. Instead of batteries as energy storage
medium, a pressure tank is used. During engineityake engine becomes a pump through a
special valve strategy made possible by EPVA, andgs air into the tank and thus conserves
vehicle kinetic energy into potential energy storethe air. This compressed air can then either
be used to power the engine as a pure air engiraetoas supercharger when more power is
needed. This completely eliminates the need foexra electric motor, expensive batteries in

the case of an electric hybrid. | addition, theiragcan also be shut off, and started with the
compressed air.

HCCI

K. Epping et al. have made a comprehensive studgh@fhomogeneous charge compression
ignition (HCCI) engine [12]. A HCCI engine can pide efficiencies as high as CI, direct
injection (CIDI) engines, without the challengetbé high particulate and N@missions from
CIDI engines. The basic principle is, as the naoggests, a combustion process that charges a
pre-mixed air-fuel gas into the cylinder, much likke port injected Sl engine, and uses
compression to ignite the mixture, much like a @giee. The mixture burns uniformly in the
entire cylinder, which lowers the combustion tenapare and accordingly NJormation. The
charge is well mixed, which minimizes particulatmissions. Finally, it is unthrottled and
compression ignited, which leads to high efficientlis all sounds good in theory, but research
has shown that there are many difficult challenagsociated with controlling a HCCI engine.
On of these challenges, and arguably the mostditfone, is determining the ignition timing
over speeds and loads. Its inherent feature of oessfn ignition means that one way of
controlling ignition timing is to vary the compréss. As already discussed in chapter 2.2.1, a
FVVT can be used to effectively change the comjpessitio.

Atkinson/Miller cycle

The Atkinson cycle takes place when the exhaustegpsnds fully to exhaust back pressure,
exploiting full expansion work of the gas. In pldanguage, this reads that the expansion ratio
must be greater than the compression ratio. Difteoeank and valve mechanisms have been
tried to achieve this, but the system becomes oexnghd prone to failure [7]. A version of the
Atkinson cycle, the Miller cycle, was invented bglph Miller and by closing the intake valve
well past BDC, the ratio between compression amhesion can easily be adjusted [13]. With
the EPVA it is very simple to change the valve tigyiand hence create a Miller engine.

Different strokes

With the EPVA system it is possible to deactivaigividual cylinders for periods as short as one
cycle. To cut off individual cylinders can be ugedimprove fuel consumption and emission
during part-load [5]. In the case of the one cyintest engine, skipping combustion cycles will
change the entire engine stroke operation mode plissible to make the engine perform as a 2-,
4-, 6-, 8-stroke etc., just by postponing combumstigcles. This can be executed relatively easy
using software, with the 8-stroke as the easiesiliée cycle.
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Different FVVT concepts have been investigated hy. Rsborne et al. [14]:

High energy consumption

The EPVA suffers from high energy consumption, tw&o energy recovery. The excess air,
which still may be at considerable pressure, i yuasted into ambient air. With camshaft
operation spring force is reused when the cam offlthe valve. The fact that the EPVA utilizes

expansion and not only inlet air helps somewhat skl the energy consumption is fairly high.

In fact the highest of all investigated concep®.[1

Noise

R. J. Osborne et al. [14] find that the valve septioise is moderate. However, with the EPVA
system from Cargine, the seating velocity can hesteld and consequently the seating noise can
be mitigated. During experiments this noise wasitbto be low. Compared to electro-magnetic
and electro-hydraulic VVT systems the EPVA has m@getrain noise. This, on the other hand
compared to the valve seating noise was found tieespond with the findings of R. J. Osborne
et al. [14].

Engine architecture

Getting rid of the camshafts altogether and reptat¢hem with EPVA actuators obviously calls
for changes to the engine architecture, althougbketare found to be moderate, but the same as
for similar systems. An external air pump must bstdlled, lots of oil and air hoses as well.
Cargine Engineering states that benefits in boginenbuild height as well as weight savings can
be found [3].

Operating conditions

Oil temperature severely affects both the respansestability of the valves. Previous tests have
indicated that the opening duration of the valvetfee EPVA increase dramatically, due to the
higher engine oil viscosity at low temperaturesisTbould make the engine impossible to
operate, and special oil have to be used.

At low lift, the valve openings proved to be higlistable and unpredictable. Requesting valve
lifts below 3 mm would result in anything from zem5 mm lift. See more of this in chapter 5.
Another problem with the EPVA is that the effectiopening speed is not constant at higher
speed. The higher the engine speed, the slowerpeing speed measured in cam axle degrees
(CAD). By increasing the supply pressure this dffssn be countered to a certain extent, but at
high engine speeds the valve opening will becormeesl in CAD, and requested lift may not be
met. During this thesis project, it was discovetledt each actuator differed a lot in opening
speed and response times, as much as 50 percésntproblem calls for much work prior to
installing of calibrating each actuator and implemthe data into the control system. In mass
production, each actuator must be calibrated befstalling.

With camshaft operation, there are no cycle toey@riations in valve timing and lift, but, as
experience have shown, operation with the EPVA gysemetimes considerable cycle to cycle
variations, contributing to the engine combustigale to cycle variations.
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The cell is situated at the SPEAB premises in Séder It is fully equipped one cylinder test
engine cell with an AVL IndiCom data acquisitiorssym, a Horiba Hydrocarbon (HC) emission
meter, an AVL smoke meter etc. The engine is calipdean electric brake. The control system
for the cell is a system developed by Elcenticc#mally for this cell. The control system for
the engine, however, Raptor(as described in chapter 1.4 and 4.1) and cosyisiem governs
the entire engine operation.

Figure 3.1: Test engine setup

0+$

The engine is a one cylinder engine designed anduged by British engineering company
Ricardo,Ricardo Hydra Mk3 For this test, a four cylinder Saab L850 DOHCrfealve 2.0l
engine head was modified to fit as a head for aoytiader engine. It has four valves and both
direct and port injection. A picture of the enginadetail can be seen in figure 3.1.

Figure 3.2: Engine detail



3 Experimental setup

Engine data is stated in table 3.1 below.

Table 3.1:Single cylinder free valve engine data

7 8 92
, 78 $
(6 ;66 5+< 748 )=>I>
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( #7 8 )22
( #*78 09
3 7 8 0:10
6 7 8 '66 5+ >
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The engine valve springs are relatively soft, viltke spring constant approx. 1/3 of standard
ones. All spring data are given in table 3.2, selw. The spring properties are chosen by
recommendation from Cargine [15]. Higher springcés means higher pressures required to
open the valves, and as a result higher air consamgHowever, insufficient spring force will
not be able to withstand pressure differences abdexjuently the valve can open itself if shut
during downstroke.

There is no lift restriction built into the actugteo to prevent the AP leaving the cylinder — and
preventing too much valve lift — each valve hasrbpmvided with an aluminium valve stop
limiting the valve lift to approximately 9 mm (mamwum actuator lift is about 15 mm [4]). The
exact values were measured manually with the hesadmhected.

Table 3.2:Engine valve spring data

6 0%):
( 728 &1%)%
3 6 7 8 9I$>
5 * 166 5+<7 8 &
7 *8 %21$>
# 7 8 >

To ensure failsafe running of the engine, a plét&0omm thickness has been installed between
the cylinder block and head. A compression ratioabbut 1:5,5 is the result, and thus not
relevant to actual production engines, but ung tontrol system is well proven, it will stay at
this low level of compression.

0+0 (

All engine electronic controlling units (ECU) camfeom dSPACE GmbH. All signal
conditioning and power generation were provided thgse modules. Instead of a stock
automotive ECU for the valve control systenmyieroAutoBox (MAB)was used. This is a real-
time prototyping hardware system for performingt flasiction prototyping, together with high
computation power and a comprehensive automoti@ (lhput/output) [1], ideal for this
purpose.

As a supplement to tHdAB, the cell also comes witRapidProhardware, which works as an
extension to the dSPACE prototyping system. Itrsfi@gnal conditioning and power stages in
modular system architecture [2]. As with all prgfwhg projects, there is always a need to add
and alter signals, and the dSPACE system have grawaedeal and versatile tool for this.

The RapidPro system is displayed in figure 3.2 &itltonnections shown.



3 Experimental setup 13

e

ds— -9
R
LVDS link
. 4 s s ey E """":':'-—--w... f
RapidPro / = r "
y Power Unit '.h-_,-d.;':’"’ X :’-‘ = . f
RapidPro g}% 5= | ,
Control Unit W;ﬂg} Egptljdnpiio
v.
Actuators| = Sensors " sensors |
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The actuator operation and dynamics are explaimedhapter 2.1.1. Each engine valve is
operated by one actuator individually. The requiesgsembly parts were constructed in-house
and manufactured in aluminium. Four pins centersheactuator. Figure 3.4 shows the

actuator/engine assembly. The distance betweenAfheand the top of the engine valve

determines the dead volume height. It can be aatjussing different shims and thus reducing
the distance. The air inlet area is 5 frand the default dead volume distance is 0,5 mm.

Figure 3.4: Installation of the actuators
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Position sensors

To be able to log the engine valve movement, tiesdso fitted to each actuator a non-contact
position sensor (PS); MicroStrain'®C-DVRT-1.0'" (Differential Variable Reluctance
Transducer)[16] with a signal conditioneDEMOD-DC®'" [17]. It is mounted normally to the
AP stem and it measures the movement of the APdgsuring the distance to a cone (see figure
2.1) in the AP. As the piston moves in and out,dis¢ance to the cone varies and it corresponds
to lateral movement. The output signal of the P®as linear, but resembles a power curve
[Appendix 3]. The cone has a form of the invertetbat signal shape of the PS. The result is a
near linear output which makes calibration easiee, chapter 5.2.1.

“Peak-and-hold-box”

The solenoids cannot take more than 6 V at 25 pegty cycle (equal to 180 CAD duration).
To meet the recommended “peak-and-hold” type veltagbox with diodes and capacitors were
constructed to create a sort of peak-and-hold fonctAs the capacitors were discharged, the
voltage dropped. This caused some problems howetren the hold voltage dropped below the
minimum value and the solenoid became de-energinddhis again caused a double opening of
the valve. The actuators therefore ran at doulsiemenended duty cycle.

Pneumatics

The pneumatics is provided by in-house pressura@edrom the AVL premises coupled to a
tank accumulator. A manual manometer is connectibalying adjustable pressures from 0 to 8
bar. From the tank accumulator an air rail is catee with four air hoses, one to each actuator,
see figure 3.5. A Kistler pressure sensor monitbes supplied air pressure. The sensor is
connected to the end of and common air rail, wiétér was found to be unfortunate since the
rail was subjected to resonance and the pressadngs not accurate enough.

Figure 3.5: Oil- and air-rail

™ See appendix 3 — Position Sensor info
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Oil supply

The oil has two purposes, both as a lubricantaaca lock to hold the valve at the desired lift
height as well as provide adequate seating veldoitghe valve. Each actuator is connected to
two flexible oil hoses, each 0,5 m long. These h@se connected to a pressurized oil reservoir.
With the current setup, the oil pressure is the esaam the pneumatic pressure, which is
recommended [4].

Flow meter

A Manger+Wittmann M 062/1éhermal gas flow meter was installed in the celll @s signal
implemented in the model. Monitoring the mass flofvthe pneumatics is vital in order to
calculate the equivalent energy consumption.
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The control system is built up so the user canasqu

opening timing
duration

lift height

8 stroke

for both inlet and exhaust valves individually.dddition to this, the following parameters are
displayed:

supply pressure
output signals to the actuators (CAD)
measured lift height for each valve

For a more descriptive look on the user interfasee appendix 4 — User Interface in
ControlDesk.

2+) 3

AVL Raptor is a complete control system to conttoy type of combustion engine. It is based
on the dSPACE hardware used in the test cell andeanodified to control any type of engine.
To increase the speed of function development.eth&ra complete engine and combustion
model, which new functionality can be validated iagabefore running the algorithm on the
actual engine. The same controller can be useidhuation, test cell and vehicle.

d RAPTOR [§
AVL AVL

Rapid Prototyping Controller

SETTINGS:
SingleCylinder e >
- 1 el » i

Actisators —e| Actuntors

0 2pSems [ e

Inpts ECM utputs

Figure 4.1: Overview of Raptor, with (from I. to r.) inputs, BCand outputs
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Simulinkfrom MathWorksis a graphical interface modeling, simulating ameélyzing software
tool. Almost all of the computations were executdicectly in Simulink but some bigger
calculations, like the safety system, were perfatriteembeddedATLAE® scripts. Simulink
offers a system that is relatively easy to use endbles easy visualization. The interactive
graphical interface, together with the block lilgrédwas made it easy to add and implement new
modules into the existing engine control system.

ControlDeskis a software program developed by dSPACE GmbH rfenages real-time and
Simulinkexperiments. It also provides the graphical us@riace and instrumentation. This is
the control board for the control system of the BPAhd all parameters are set here as well as
monitoring the system during operation.

2+3$

The opening and closing of the valves lag behirditiput signals in time, not in angle degrees,
compared to conventional valvetrain with camshaftse lag itself is not constant either, and
depends upon numerous parameters. For the model sxcurate and dependable, it needs to
take into account the physical properties that dyeaffect the valve movement; such as
pneumatic pressure, air temperature, cylinder pres®il temperature, friction between valve
and valve guide, supply voltage to the solenoids Eis has to be modeled and verified and it
has to be examined how much each parameter dfiecttive movement.

Furthermore, to secure a fail-safe operation ofehgine it will be important to predict and
determine the valve lift with high precision togethwvith verification from the fitted PSs.

2+0 1 #3 .

The actuators consist of many parts, and a lotftdrdnt physical processes take place during its
operation. The total amount of equations needéddllp simulate every aspect and component is
vast, as shown by J. Ma et al. [18], and to fullydal all of these processes, a huge number of
computations must be done for each cycle. Evengthdbe MAB’s computation capacity is
bigger compared to conventional control units,tiedel cannot be too complex due to real-time
requirements. In plain language this means thantimber of calculations has to be reduced.
Therefore, the mathematical models have to be fiegbland, in some cases completely
disregarded, otherwise the ECU will not be ablehtmdle sheer amount of computations
required each cycle. The work has been conductedich a way that a simple model has been
tried and then evaluated to see if it is too simptecan be used with satisfactory accuracy. Due
to test cell engine operation, certain parametensiat be studied, for example low temperatures
and different friction coefficients. Because thejier testing will preliminary be executed only
in a test cell environment, this has been disregghid the modeling for this thesis.
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2+2

In figure 4.2 the entire algorithm for the contsykstem of the EVPA system can be viewed. All
requested values, such as valve lift, opening amdtn is on the left of the control system,
with all of the calculating algorithms in the middhnd output signals to the actuators to the very
right.. The hierarchy is subsystem based, with eawwé performing a separate task. These
subsystems calculate things such as the pressomgecsation, safety system, lift compensation,
from time to degree-based etc. Chapter 4.4 give®@ detailed explanation of each subsystem

and component.
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The final models that were implemented into thetidrsystem follow below. For clarity, it has

been divided into segments, with each feature neadeleparately. Focus is on the three
requested parameters: valve opening, lift heighd aalve closing. (See chapter 11 for
nomenclature.)

#

Since there is a delay from the moment the solesnocédeive the signals to the valve starts
moving (see chapter 5.2.1), it is vital to compéagar this in the model. Even though it is in the

region of a few milliseconds, at 3000 round peruten(RPM) 1 ms equals 18 CAD. The delay
times of each actuator were examined through laggfrboth signal outputs and compare them
to the actual valve opening shown by the PSs. @hlay consists of solenoid delay, actuator
valve delay and the time for air to fill the acwratylinder until it opens. All of these times were

found to be in the region of 4-5 ms, regardlesssgbply pressure. See figure 5.1. This is
consistent with Cargine’s given information. Eadhuator’s delay was stored in the model, see
table 4.

Table 4.1: Actuator delay

Actuator Delay [ms]
V1 4,1
V2 5,0
EV1 3,8
EV2 4,0

# 09

Controlling the lift height is a matter of reguladi the lift control time, 4 i.e. the time from
energizing the TS to energizing the LS (see figu®). Since the air inlet period is shorter than
the lift period (see system dynamics, chapter 2)ngple calculation of air inlet time will not
suffice. The approach to obtain this duration heesnbto first calculate the air masgequired to
supply the actuator cylinder with enough pressarieald the engine valve open at the requested
lift height. Secondly, calculate the air mass floate m, into the actuator cylinder. The lift

control time is then air mass divided by air magw frate:

m
t,=— (4.1)
m,

Air mass needed to lift valve
As a first approach, the only resisting force omvhlve is assumed only valve spring force.

The force resulting from internal air pressure éoraust equal the spring for€eacting on the
piston:

k>x

A

F=kx= PXAjon  P= (4.2)

piston

wherek is the spring constant,the compression distance of the valyehe pressure acting on
the piston and\sionthe area of the AP.
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The air mass needed to overcome the spring forgieés by the ideal gaslaw [7]:

pV=mRT m= Ee_\T/ (4.3)

whereV is the actuator cylinder volumB,is the air gas constant amdhe air temperature.

Inserting (4.2) into (4.3) gives:

kx
A ><X'%)iston k XX2
mz= pIStOnRT — RT (4.4)

Firstly, the pressure must exceed the spring foltee to the precompressiop, and then the
force due to the lift height Total mass will then be:

ko kA2 _ k(G +17%)

=m, +m = 4.5
Mo =M M = o " RT RT (4-2)
The mass needed is total air mass minus the amdyrinside the actuator cylinder:
m=m, - m, (4.6)
SX.SAL
m, =-Pam %o Pasion @.7)

RT

wherepam is ambient air pressure (given that the actuatinaer outlet is connected to ambient
air) andxg is the dead volume height. Dead volume height dép®n installation and, as stated
in chapter 3.4, is 0,5 mm. Air temperature is hartle measure exactly, but since the air
consumption is quite high, which means the airardwne through the system is thereby short,
an assumed temperature of the cell temperaturddsbetsufficient.

Regarding the air temperatufan the actuator cylinder, during air charging, #ietemperature
will rise as a consequence of compression and ftrerevary during operation. As a first
approach, this temperature is fixed at cell temjpeeaand then investigated to see what impact it
has on the actuators.

** Air is here modeled as an ideal gas.
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Figure 4.3: Overview of required air mass calculations withgstege compensation, bottom (see ch. 4.5.4)

Air flow rate into the actuator

The second part needed to calculate the lift comitrang is the air flow rate into the actuator.
The airflow is complex, and varies between choked anchoked flow, and depends on supply
pressure and inlet area. The mass flow rate inpmeumatic cylindemrm for choked flow is

shown by J.M. Tressler et al. [19]:

/ K
m =qg. |—p. A 4.8
n .gm R-I—m palr n ( )

where is the specific heat ratio (for air = 1,37),R is the gas constant for aifj, is the
temperature of the air entering the cyling®r, is the air supply pressure aAgd is the inlet area.
This equation is true for both critical and uncati flow. Whether the flow is choked or not
depends on the actuator cylinder presgutép 0.53pair, the flow is choked, and, = 0.58. As

a first simplification, the flow is assumed chokadall times. This modeling has to be carefully
monitored during testing to see whether the catefor choked flow is fulfilled or not.

With T =Ty, the full equation of determining the lift conttohe t, becomes:

t, = (4.9)

# %

To accomplish the valve close timing request, teesdergizing of the TS must be executed in
the correct advance. To fulfill this criterion thialve closing duration must be calculated. The
assumption that the closing speed is constantie klias been made. When the pressure is
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released, the valve starts moving because of tliegsiorce and the resisting forces are constant.
Each valve closing speed were recorded and impleadan the model. These have then been
consistent throughout the project.

Table 4.2:Valve closing speeds

Actuator Closing speedv [mm/ms]
V1 15
V2 2,0
EV1 1,0
EV2 2,0

Although this approximation has its shortcomingseg that the valve hits the hydraulic brake
during valve seating, experiments have shown thatapproximation is satisfactory, at least for
engine speeds where valve operation is stableci@gser 5 for more in-depth look.

_liftheight

_ - litheight _ (4.10)
closespeed v

# &

Valve opening force is directly dependent on cydingressure. The cylinder pressure works
against the EVO and without a function for presstompensation, the valve may not open at
all. But, since the pressure force diminishes wiherncylinder pressure is punctured, the resisting
force will not act fully during the entire openinggain, simplifications have had to be made.
Since valve opening is more critical than obtairting correct lift height, the opening itself was
the most important criterion and therefore hag farsority. The first step has been to measure
cylinder pressure at the requested valve openiing pad calculate the resulting force from that.
This is, for obvious reasons, a pressure readom the past cycle, but still reckoned usable as it
is only delayed one cycle. The extra pressure rieedsp,depends on actuator piston afggon
engine valve areley, cylinder pressurpcy and exhaust back pressyg:

Peomp = (Peyi - pexh)% (4.11)
iston
which then equals extra air mass needed:
0 v (pcyl - pexh) X:E;Xh VO
My = — 2 = — (4.12)

During normal operation, inlet valve opening doed occur when the cylinder pressure is
considerably higher than the back pressure, ahéocase with the exhaust valves.

#H#

During initial testing, the engine ran a compressmtio of about 1:5,5 and it secured that even if
the valves were at full opening at TDC they woubd collide with the piston. But as the engine
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will be rebuilt with the compression ratio a moed¢evant 1:10, the risk of the valves hitting the
piston will be present, and a software safety systenecessary.

During testing of the valves, it was soon obvidust tto attain stable and dependable lift height
at very low lifts was nigh-on impossible. As a cegsence of this, the system is firstly only
limiting the opening of the 1V and closing of th& EThe logic for this is that for each requested
valve lift, calculate which crank angle (CA) thestoin will hit the valve, and limit the valve lift
curves accordingly. Various safety factors will githe extra safety if a valve were to behave
abnormally.

This thesis has not covered transients, but withsient engine tests, the pressure compensation
needs some kind of prediction since the pressussuarement takes place the previous cycle. As
a first approach, this model can be relatively d$engf assuming MBT (Maximum Brake
Torque) ignition timing:

pexhnew pin new pin new
- pexhnew - pexhold (413)
pexhold pin,old in,old

With no pin offset in the piston (the offset heestsuch a small influence that it can be ignored),
the distance between the crank axis and the ptoaxiss is given by (the pin-off is assumed
to be insignificant) [7]:

s=acosg+(1%- a’sin®g)"? (4.14)

wherea is crank radiud, is connecting rod length andcrank angle.

e

l’d—-—"

Figure 4.4: Piston and crank geometry

Valve lift protruding below the maximum height it pistorx; is given by:

X, = X>xos()) - tc (4.15)
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wherex is valve lift, is the engine valve angle with respect to thencldr axis andc is the top
clearance — the distance between piston at TDGralve at closed position.

The maximum heighdmax Of the piston without collision with valve litis given by:
Spax = S- Ph- X, =S- ph- x>cosb - tc (4.16)

whereS s the length crank axis to the bottom of the pagialve at closed position apti is the piston
height from pin center to piston top.

Using Maplesoft's algebraic computing softwavkaple™ to rearrange equation (4.14) with
respect to the crank angleand usingmaxinstead of swe obtain:

J2a?st, - 14 +2%% +2%s2 - a*- s

g =arctan as. e (4.17)

The negative term is used for the IV and positivetifie EV, as CADs before TDC are defined in
the algorithm as positive and CADs after are negaflhis gives us a crank angle for which the
piston will hit the valve at any given lift heighthis is used as limits for EVC and IVO:

2a%s®> - 1*+21%a?+21%s?_-a*- &

qEVC,max = arCtan \/ — aSm e Smax (4173-)
2a’s®> - 1*+2%a*+2%> -a*- s

Givomax = Arctan - J2aSh, S max (4.17b)

asmax

#'
Above 3 mm lift height the valve lifts variationseacomparatively stable, but a slow drift up and
down can be observed in the valves. This may beethelt of either two reasons or both. Either
the measured lift height fluctuates because ofghtsbval shape of the AP cones (these are not
fixed and can rotate), or the valve lifts are altyufuctuating which may come from pressure
fluctuations in the air pressure rail or other, mown, reasons. Since the real reason cannot be
revealed with only the rather inaccurate PSs irceglat has to be assumed that the valves
themselves are fluctuating. A low pass filter waklexd to the pressure sensor signal and a
feedback loop was created as a diagnosis and toresgsrrect lift height. Therefore, a slow
integrator was added to the requested valve |ftiinThis solved the problem of the oscillation
and requested valve lift is achieved for lifts beéw 3 and 8 mm (maximum). A logic for
switching off the lift compensation during no liff whether requested or an error — is
implemented to avoid compensation accumulationltiaguin an overshoot of valve lift during
initialization.
Closing timing is directly dependent on lift heiggtven that the valve closing duration depends
on actual lift) and subsequently is controlled tigio lift height control.
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Switching between four- and eight-stroke is rekdiheasy, compared to 6- and 10-stroke, so this
was the first step. The 8-stroke operation is méardirect injection combustion and is a matter

of postponing the opening of the exhaust valvel ifigjection and ignition one complete cycle,

thus resulting in three compression cycles. Thet mhlve is opened, letting in fresh air, but fuel
injection and ignition is cut off. After one comfsecycle, fuel is again injected into the cylinder
and normal combustion is again achieved. An engldignal, switching between 0 and 1 every
other cycle was created together with an on/offdwior the 8-stroke mode.

#,

Pneumatics for the actuators is supplied by in-aqaressure, not from the engine. To reveal the
actual energy consumption of the EVPA, measurirgy dlr consumption is vital. Assuming
adiabatic compression, the following criterion aggil

p,V, =const=pV, 2= (4.18)

wherep; & V; andp, & V; are the pressure and volume after, respectivdlyrdeompression.

The work done to compress the air is the integral:

k
Vs, V, V 1 - _
DW= " pdv={eqa1d = “p, 2 dv=—py/ \VARVAE)
1 V 1k
DW=——pV, - -1
1- k V,
Introducing equation 4.18 and the ideal gas lawaedet:
k-1
-1 Pt
D\N—l_ kaI o, 1 (4.19)

Changing equation 4.19 from work to power (poweuats work per time) introducing; as
pneumatic pressurge; as air at atmospheric pressure and a pump efigignof 50 percent, the
equation becomes as below:

ke
k

m RTx Par g1 (4.20)

P:i
1- k Pam hp

whereP is the power used by the air consumption of thtaadors,pam is ambient air pressure,
Pair iS actual supply pressure angis estimated air compressor efficiency.
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All experiments have been recorded by the AMHiComand the results analyzed with AVL
Concerto The control of the valves, the graphic user fatmr was delivered by dSPACE
ControlDesk, where every parameter could be regqdest see first part in chapter 2 and
appendix 4.

The experiments were conducted in such a way teersake the valves would function correctly
with varying operating parameters: engine speguplgwpressure, lift height etc.

#

Firstly, the valves were tested on a separate agtihead. With no cylinder pressure to compete
with, much work went into calibrating the actuatot®ts of hours were spent examining

actuator behavior, and investigating the PSs. Uaitgies regarding what were due to actuator
behavior and sensor measurement meant that this @olong time to understand. The PSs
original range is 1 mm with a 0-5 V signal rangé][lbut this was not true for these sensors.
Completely different and narrower measuring rangee found, see table 5.1

Table 5.1: Position sensor output data and measuring range

Sensor| Voltage zero lift [V] | Voltage max lift [V] Range [V] Max lift [mm]
V1 0,1 1,8 1,7 9,25
V2 0,1 1,4 1,3 8,65
EV1 1,8 3,4 1,6 9,25
EV2 1,5 3,6 2,1 8,45

Some of this is clearly down to the distance betwssnsor and piston cone, even at zero lift, but
the usable range is very small which makes it nddffecult to depend on. Initially, two actuators
were thought to be malfunctioning, before it wascdivered that the control timing periods,
varied with as much as 70 percent. This can hdrelglescribed as anything but a huge variation,
which means that each individual actuator must drefally calibrated in the model. To make
calibration easier, the basic calculations arestme for all actuators, but “calibration factors”
are introduced. During testing, a time constant loaraltered in order to obtain the correct lift
height without closed loop diagnostic. This cameitbe positive or negative, depending on the
actuator behavior — a slower actuator needs mfiréntie and vice versa. With the lift stops in
place (the maximum lift heights measured accuratélgach valve, see chapter 3.2) the valves
were fully opened against the valve stops. The mari lift signals from the position sensors
were then calibrated with this and performed adiniaterpolation between maximum and zero
lift. With the valve in operation, the AP is nodrally fixed but can rotate around its own axis.
Since the measuring cone is not entirely circulta voltage output for the PS at zero lift
changes, and then the maximum lift height readiflgb& erroneous. Valve lift is always zero
lift voltage subtracted from actual lift height,dathis subtraction is both done in the Indicom and
Raptor system.
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To reveal the actuator opening delay times for eathator, the control signals to the solenoids
were plotted together with the valve movement. fiilme difference between control signal and
the beginning of valve lift results in actuator opey delay.
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Figure 5.1: Solenoid signals and valve movement, 1500 rpm

In figure 5.1, the valve starts to lift a bit ov@® CAD after the control signal to the timing
solenoid and, at 1500 rpm, this equals approximaens.

>+ *

Below follows a collection of valve lift profilesith different parameters. The lines represent the
mean value lifts over 150 cycles, valve timingnsi'®O at TDC with 180 deg duration and EVO
at BDC with 180 deg duration with supply pressuré bar unless specified otherwise.

No higher engine speeds than 2500 rpm has beerdeztcAccording to Cargine, the actuators
can take higher speeds, but at initial speed iinesyalves started behaving erratically and 2500
rpm was set as the upper limit for safety reasons.

For a thorough analysis of the results, see ch&pter

# - ) *
Different lift heights
Below a series of constant duration, constant supi@ssure and constant engine speed, but with

various lift heights are shown. Valve lifts are42,6 and 8 mm. Below 2 mm gives in some case
no opening at all, and a maximum of 8 mm securewvdives from hitting the stops.
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Figure 5.2: Valve lift 6 mm, 1500 rpm

Figure 5.2 shows valve lift of 6 mm and 180 CADwabpening duration. A slight oscillation
can be seen at full valve lift, when the hydraldiake stops the valve. The higher oscillation
movement of the EVs can be the result of lowerltggm and irregular behavior of the PSs, and
not the actuators themselves. Even though the M#lverofiles differ, the lift and timing
requirements are met.
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Figure 5.3: Valve lift 8 mm, 1500 rpm

The behavior of EV2 shows in figure 5.2 a shortedarchtion once the lift height is increased,
which may be due to the oscillation movement ofithlee at lift height, see more in chapter 6.
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Figure 5.4: Valve lift 4 mm, 1500 rpm

In figure 5.4 the lift is lowered to 4 mm. Valverfiemance is consistent, but EV2 shows signs
of prolonged opening duration. Again, difficult say whether it boils down to valve or PS
behavior.
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Figure 5.5:Valve lift 2 mm, 1500 rpm

When the valve lift is a mere 2 mm, as shown imrkg5.5, it all starts to be more unpredictable
and unreliable. Requesting a lower lift may notegan opening at all. The cycle to cycle
variations are also much, much higher than foratfeer lift requests, see following segment on
cycle to cycle variations.
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Figure 5.6: Lift heights 2, 4, 6 and 8 mm, 1500 rpm

In figure 5.6 all the lift heights for two valvegeaplotted in the same window for easier
comparison. The opening and closing criteria amat met at all times.

Different engine speeds

Variation of engine speed is perhaps the mostesterg parameter to change, due to the valve
opening speed constant in time. Below, all parametee constant but the engine speed. Speeds
of 1000, 1500, 2000 and 2500 rpm are tested (166B8adwn in the previous segment).
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Figure 5.7:6 mm lift - 1000 rpm

Compared to engine speed of 1500, the valve psodite even squarer for 1000 rpm, as shown in
figure 5.7. This due to the actuator’s intrinsi@nmg times constant in time, not in CAD.
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Figure 5.8:6 mm lift, 2000 rpm

A slight rounding of the valve profiles can be ser2000 rpm in figure 5.8, but the timing
requests are met.
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Figure 5.9: 6 mm lift, 2500 rpm

In figure 5.9 the engine speed is 2500 rpm, and/éiee profiles are even more rounded, almost
resembling a conventional lift curve for a camslogférated valve. EV1 gets an overshoot of the
lift; this may be the cause of insufficient measueat in the RapidPro system. For an analysis of

this, see chapter 6.2.
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Figure 5.10: Engine speeds 1000, 1500, 2000 and 2500 rpm, 6 faim li

For easy comparison, the valve profiles for all¢hgine speeds are plotted in the same diagram,
figure 5.10. Lowest speed (1000 rpm) the most sgw@ard highest speed (2500 rpm) most
rounded.

Different supply pressures
The valves are tested for various supply pressaseasell. Here, testing at supply pressures of 6
and 8 bar are shown.
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Figure 5.11:6 mm lift height, 6 bar supply pressure

Figure 5.11 shows normal operating of the valvesheat 6 bar supply pressure.
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Figure 5.12:6 mm lift height, 8 bar supply pressure

At 8 bar supply pressure, valve operation is noyrhbat the duration is slightly longer for the
EVs — see figure 5.12.
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Figure 5.13:6 mm lift height, supply pressures of 4, 6 and B ba

In the comparison plot, figure 5.13, for differestipply pressures, the opening speed is
somewhat higher for 6 and 8 bar than for the 4chae.
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Cycle to cycle variations
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Figure 5.14:Max and min lift, 8 mm lift, 1500 rpm, 4 bar

Figure 5.14; cycle to cycle variations during 8 tiftrheight and 4 bar supply pressure; the thick
lines are the mean value lift heights over 150 eycand the thin lines are maximum and
minimum lifts respectively for all the cycles. Maxim variation seems to be around a few
tenths of a millimeter.
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Figure 5.15:Max and min lift, 2 mm lift, 1500 rpm

For the 2 mm lift, the situation is quite differemas figure 5.15 reveals. Some of the valves are
demonstrate over 4 mm of variations! This means tthe valve lift can be anything from 0,5
mm to 4 mm lift at requested 2 mm lift height. S&tctory engine operations during these
conditions are obviously extremely difficult.
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Figure 5.16: Cycle to cycle variations in PMEP

To quantify cycle to cycle in an easier way, logkiat variations in PMEP is a good solution.
The curves above in figure 5.16 show the variationBMEP for 2 and 8 mm respectively. For
the 8 mm lift scenario, the PMEP varies betweern08® bar, about 10 percent. But for the 2 mm
lift scenario, PMEP varies with as much as = 0g08taggering 50 percent.
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Port injection (PI) with 1 IV and 1 EV
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Figure 5.17: Valve lift and cylinder pressure during combustiéfy mm lift, 1500 rpm

Figure 5.17 shows stoichiometric combustion witpy pressure at 4 bar, maximum cylinder
pressure 18 bar, IMEP and CA50 8 CAD. Valve timatigategy here is trial and error to ensure
the engine running as smooth as possible. Thedignove shows that the valves operate
satisfactory even during combustion.
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Figure 5.18: Cycle to cycle variations in IMEP 1 IV & 1 EV, 6rmlift

Figure 5.18 shows cycle to cycle variations in IM@iRing combustion For the test run at 2000
rpm IMEP is varying with + 0,1 bar, which equalsamd 2,5 percent. A slightly larger variation
takes place for the lower engine speed (1500). ddwrease in cycle to cycle variations with
increasing engine speed is coherent with literafigtees [20].
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Figure 5.19: Combustion with 2 IV and 2 EV, port injected

Figure 5.19 shows combustion with 2 IV and 2 EVrafiag. Different timing and lift heights
illustrate the almost infinite variation possibéis of the EPVA system.
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Figure 5.20: Figure showing valve operation and cylinder pressluring 8-stroke testing

The 8-stroke testing was executed with no combns#s figure 5.20 displays, the strategy has
been to postpone the combustion one cycle perfammbastion on the third compression stroke
(not shown here). As a discursion, the pressurrastingly drops about 12 percent during the
three compressions due to heat transfer losseblaneby past the piston rings to the crankcase.

>+0 6 6

In chapter 2.2.2 it was stated that one of the @atéeges of pneumatic FVVT system is the step
response when changing the parameters. To testhhisalves were operated at constant lift and
engine speed and then subjected to a sudden chadgenanded lift height — a 2 mm increase
for the IV and a 2 mm decrease for the EV. Theltesue plotted in figure 5.21 and the initial,
stable valve lift is the solid, curve; 6 mm for &d 7 mm for the EV. The following three cycles
are then plotted in succession. It is clear thathlves have a very short response time, in fact a
near one cycle-only response before the next deehliftlheight is achieved.
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Figure 5.21:Step response when changing demanded valve Ighhei



5 Experiments and results 38

>+2 ! *6

A vital part of this study of the EPVA is to lookto the energy consumption. For representative
tests, the energy consumption (calculations froenain mass flow meter, see chapter 4.5.8) was
recorded. Se table 5.2 for actual figures.

Table 5.2:Energy consumption of the EPVA

No. of valves| Pressure [bar] Engine speed [rpm Liffmm] Energy consumption [W]
4 4 1000 6 170
4 4 1500 6 250
4 4 2000 6 330
4 4 1500 8 310
4 8 1500 6 280
2 4 1500 6 130

Table 5.2 shows that the energy consumption féeminht engine speeds, number of valves in
operation and lift height.
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Valves lift height engine speed

Figure 5.22: Air energy consumption as a function of numbevaifes, lift height and engine speed

In figure 5.22 energy consumption is plotted agaims number of valves multiplied with lift
height and engine speed. A near linear behaviobeaseen, but two points differs; both the test
with 8 bar pressure and the one with higher liffe Energy consumptions for the 8 bar testing
seems to a bit higher than for the 4 bar tests.réason the non-linearity could be several, and
would have to be investigated further to revealrdgsons.

>+> 3

During this entire thesis project, a whole rangepaoiblems have occurred. Everything from
software bugs in the cell system, PSs malfunctmnimcertainties around the accuracy of the
PSs etc. A major part has gone into troubleshoptmgl figuring out how to compensate for
errors and problems. A lot of cell problems havene@bout, but the most serious problem, and
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worth mentioning, is the problems, uncertaintiesl amccuracy of the position sensors. The
entire thesis and further development of the costystem and engine hangs on position sensors
that can be relied on. With only 1 mm measuringgearsuch a short voltage output range, in
addition to they being fragile (two sensors stoppexking altogether and were changed) this
has been a major cause of frustration and insganirihe whole project.

Actuator problems

The actuators themselves also have some problexhs/éne revealed during testing. First of all,
all the actuators have a wide range of responsestiand operating behavior. Control time
durations, closing speeds and valve seating velatiffered greatly. Another, and critical
problem, is that during loss of pneumatic air pnesshe valves get sucked open and will not
close again until air supply pressure is brougltkbd@he valves get sucked open by the piston
and since there is no air pressure deactivatingpydeaulic latch. At least, that is what is thought
to be the case since the internal workings of theadors are not fully explained due to company
secrecy.

Two position sensors, together with their signahditoning units, stopped working during
testing. Two of the remaining signal conditioneesdme partly malfunctioning, which resulted
in significantly limiting the position sensor voifa range.



6 _Analysis of the control system 40
@ 1
@+)1

The comparison figures 5.6, 5.10 and 5.13 showftiradifferent lift heights the valves operate
satisfactorily for each requested lift height ab@mem. For every scenario, lift heights, supply
pressures, engine speeds, the lift heights ard égulae requested. This is a strong sign of the
original, albeit simple, model of air flow into thectuator and air mass models are correct.
During testing, the integrators for the lift compations were monitored, and none of them
climbed to unnatural high or low levels, which icalies that the original calculations are fairly
accurate.

However, when the engine speed increases to a mbiete the valve lift curves are rounded
instead of a square shape, some of the valvesifhéyo much, as it happened with EV1. In the
current setup, the lift height measurement in Rapitdy takes place once per cycle, at mid lift.
If the lift peak does not occur at exactly the neddf the requested duration, the lift height
readings become incorrect and subsequently themysiill try to compensate for this; giving
extra lift height. This is not an inbuilt controfstem limitation, only a temporary problem with
the current implementation.

@+$

Again, the comparison figures 5.6, 5.10 and 5.18stinat valve timing is also fairly constant, at
least for the opening point. The logging of actuaignals and movement have shown that the
delay is fairly constant for all operating condi#o Closing timing is not as reliable as for
opening timing, but then again, closing durationtloé valve depends primarily on actuator
delay, lift height, friction and valve seating astiment altogether. Since it exist no diagnostics
and compensation for closing point, only the depemndactor of lift height, a more varying
nature is as expected. At the most, closing timiages with approximately 10 CAD, but the
proper valve seating has not been adjusted — dtesting, only the default settings were used.
The setting and fine tuning of valve seating vedigdn reality the distance between the top of
the engine valve stem and actuator piston, gredfiicts the exact closing point of the valve.
Oscillation of the valve at the actual lift heigiiso has a slight effect on closing times. If the
valve is on a downwards movement at the point whenl'S becomes de-energized, the closing
will be earlier than if the valve is on an upwardevement because then the valve is already
started acceleration in the “right” direction.

@+0*66 6 *

In figure 5.13 it can be seen that supply preskaselittle or no effect on valve movement. This
contributes strongly to the assumption made in wha$.5.2 of critical flow into the actuator
cylinder. At 6 and 8 bar pressure, the valve opgsipeed is slightly greater than for the 4 bar
scenario. This indicates that the in-flow to théuator is near choked already at 4 bar and
increasing the pressure has no effect on accelgrdltie valve, therefore the criterion for
equation 4.8 can with a safe margin be assumeillddlf The variation of the closing curves is
most likely down to the oscillation effect descdhba the previous chapter.
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Figure 5.14 and 5.15 display the cycle to cycleatams, with the 2 mm case highly unstable. S.
Trajkovic et al. [21] found that stable valve ogema could only be achieved for lifts above 2,6
mm, which is the same conclusion as this study reashed. Therefore, it would only be
meaningful to discuss cycle to cycle variations liis above 3 mm. As the cycle to cycle
variations are in the region of a few tenths ofiimmeter in lift height and a few CAD in timing,

it most likely would not be a problem during fuftl This was also seen during combustion, for
high lifts, the engine displayed a smooth runnidgwever, when limiting valve timing in order
to avoid piston collision, the only possible stggtet this point is to limit timing, and not lift.
Limiting valve lift height, at least for the inletalves, would most certainly result in one or
several collisions with the piston.

With this system it seems that instead of relyimglaw lift and medium duration, the strategy
have to be a bit higher lift, but shorter duratiowhich would probably give the same effect. So,
at this moment, the only feature not attainablerse® be exhaust and inlet valve overlap.

@+>A #"

For this system to be competitive, the energy conion exceeding that for a conventional

camshaft must not exceed the possible reductiomhéngy consumption of the engine due to
new combustion possibilities utilized with this ®m®. The energy consumption figures issued
by Cargine are 4 kW for a 16 valve engine at 6Qfi [3]. That equals a target of a quarter of
that for this one cylinder engine. Table 5.2 giaasiting of 250 W at 6 mm lift and 1500 rpm as
well as indicating a linear response in terms @fie® speed and lift height, this would mean an
energy consumption of 4 kW for the 4 cylinder, Hbve engine Cargine refers to (four times the
speed and number of cylinders). As it could be mesuthat during 6000 rpm, the valve lift

would most likely be higher than 6 mm as shown h#re energy consumption could be even
higher than that. On the contrary, Cargine alsayesty pneumatic air heating, which would
reduce the energy consumption.
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It is difficult to categorically draw conclusionsidhe control system and the valve operation
concerning the verification difficulties due to theny uncertainties around the position sensors.
But a few can be drawn.

The valve actuation works satisfactorily with trentrol system between 3 and 8 mm lift and at
engine speeds from 1000 rpm to about 2500 rpm. Stée response time is extremely short,
which point to a relatively correct model, with des need for the integrator to compensate. The
cycle to cycle variations of the valves are consdeacceptable, at least for lifts 4 mm and
higher. When installing new actuators, a lot oflwalion is needed, but with this control system
it has become comparatively easier with the intotidn of the “calibration factors”. The safety
system for avoiding piston and valve collision lrgted by timing, instead of lift.

The actuators themselves have proven durable afdestwith none of them malfunctioning
during the entire project testing. The energy cam#ion figures are consistent with previous
findings and are around 4 kW at 6000 rpm on a lé\viur cylinder engine.

With this system the number of testing possib#itie almost endless. For example, the 8 stroke
feature is a great illustration of the potentiattué Free Valve Technology combination with a
control system such as Raptor. New features camplemented using a minimum of resources
and an infinite number of valve strategies cangséed with only changing the parameters in the
user interface. No extra programming is required e cost and time saving can be drastically
reduced.

Still, even with its present flaws, shortcomingsl dmture challenges, this system could prove to
be a powerful tool in further combustion engineeesh at AVL SPEAB.
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Retrospectively, the use of thicrostrain position sensors should be revised. The timetthat
gone into adjusting, compensating and even therbeioig able to fully trust the signals of the
PSs points to the fact that the use of these igh@bptimal solution. Even further, given that
they are fragile, expensive and has a very limitedhsuring range only contributes to choosing
another form of measuring valve lift.

The actuators have only been tested in a tesenoglfonment which means that scenarios, such
as low temperature testing, has not been perforamelas a consequence this thesis can not
come to any conclusion on how this system wouldkwor an actual vehicle application.
Previous tests of the actuators have indicatedra melonged opening duration of the valve,
due to the increased oil viscosity at low tempeesu

The problems here consist of two parts, the actsateemselves and insufficiencies in the
control system. Inherent problems in the actusaoessomething which this thesis project cannot
address, but inadequacies in the control systemsand should. For example, the occurring
instability at low lifts can not at this stage hdly addressed, but the control system can be
elaborated to minimize the effects of them if pbesi

:+) Kk 0

A natural first step in improving the variable valactuation system would be to change the
position sensors. With the installment of depeneld®6s, e.g. laser sensors that measure lift
height directly, a lot of uncertainty and doubtlwiilsappear and a higher factor of safety can be
obtained.

Another task in the future work of this control ®mm would be to rewire the position sensors to
high sampling input ports in the RapidPro, so faptor would monitor valve lift at all times —
not only once per cycle. This can be utilized toedep a feedback on closing points of the
valves, as well as correct the overshoot problenhighh engine speeds. The issue of this
limitation was realized too late in the projectdahe task of rebuilding the wire harness and
changing the model was deemed too big and timeuroing) to be completed within the time
frame of this thesis project.

The pressure compensation can be altered to alaideu model, to prepare the system for
implementation in a vehicle which does not havéncdr pressure monitoring.
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AP
BDC
BMEP
CA
CAD
CAS50
Cl

DI
DISC
DOHC
ECU
EGR
EPVA
EV
EVC
EVO
FVVT
HCCI
I/0
ICE
IMEP
v
IvC
IVO
LS
MAB
NOx
PI

PS
RPM
Sl
SPEAB
TDC
TS
VVT

Actuator Piston

Bottom Dead Center

Brake Mean Effective Pressure

Crank Angle

Crank Angle Degrees

Crank Angle for 50 % heat release (ATDC)
Compression Ignition

Direct Injection

Direct Injection Stratified Charge
Double Overhead Camshaft
Electronic Control Unit

Exhaust Gas Recirculation
Electronically controlled Pneumatic/hydralMalve Actuator
Exhaust Valve

Exhaust Valve Closing

Exhaust Valve Opening

Fully Variable Valve Train
Homogeneous Charge Compression Ignition
Input/Output

Internal Combustion Engine

Indicated Mean Effective Pressure
Inlet Valve

Inlet Valve Closing

Inlet Valve Opening

Lift Solenoid

MicroAutoBox

Nitrous Oxides

Port Injection

Position Sensor

Rounds Per Minute

Spark Ignition

Sddertélje Powertrain Engineering AB
Top Dead Center

Timing Solenoid
Variable Valve Timing
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Aexh
Ain
Apiston

2333333~

ai

*

Crank radius [mm]

Exhaust valve area [nfin

Actuator cylinder inlet area [nfin

Actuator piston area [mfh

Spring force at requested valve lift [N]

Engine valve spring constant [N/mm]

Engine valve lift [mm]

Air mass needed to fill actuator cylinder to iftlve [g]

Air mass inducted into the cylinder each cycle [g

Air mass inside actuator before lift [g]

Additional air mass needed to lift valve fromszad position [g]
Air mass needed to exceed valve spring force [g]

Total air mass needed to hold valve at requdstdekight [kg]

Air mass flow rate into actuator cylinder [kg/s]
Air mass flow rate to all actuators [kg/s]

Airpower to the actuators [W]

Pressure [Pa]

Pressure of pneumatic air supply [Pa]

Pressure of ambient air [Pa]

Compensation pressure due to cylinder pressarg [b
Engine cylinder pressure [bar]

Piston height [mm]

Gas constant air [J/K Kg]

Distance between crank axis and valve in closesitipn [mm]
Distance between crank axis and piston pin amis]
Maximum distance s without touching the valvegecified lift [mm]
Lift control time [ms]

Engine valve closing duration [ms]

Top clearance [mm]

Temperature [K]

Temperature of actuator inlet air [K]

Valve lift [mm]

Actuator dead volume distance [mm]

Spring precompression [mm

Actuator cylinder volume [m

Displacement volume

Valve speed closing [mm/ms]

Work done by adiabatic compression [J]

Engine valve angle [rad]

Constant for the inlet flow to actuator

Volumetric efficiency [-]

Efficiency air compressor [-]

Crank angle [rad]

Specific heat ratio air [-]

Air density inlet manifold/atmospheric
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More info on MicroStraifi Inc., Displacement Transduces5]
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More info on MicroStraifi Inc., Signal Conditioner§17]
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