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(67)  The invention relates to a method of igniting a
spark in an electrical plug provided in a circuit and having
a discharge gap for yielding a plurality of consecutive
spatially distributed sparks per single ignition event,
wherein the method comprises the steps of: applying a
breakdown voltage pulses U to the discharge gap with a
period of maximally 1 millisecond, said discharge voltage
pulses having a leading edge; limiting conductivity cur-
rent over the discharge gap to below of about 10 mA
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during an interval corresponding to the said leading edge
or ensuring that a conductivity current across the dis-
charge gap is substantially zero during an interval of at
least 5% of the said period. The invention further relates
to an ignition system comprising a power generator con-
nected to a spark plug using an optional transmission
line, preferably comprising coaxial cable. The invention
still further relates to an internal combustion engine and
a vehicle.
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Description

FIELD OF THE INVENTION

[0001] The invention relates to a method of igniting a
spark.
[0002] The invention further relates to an ignition sys-

tem comprising an electrical plug having a discharge gap,
a voltage source adapted to apply a series of voltage
pulses to the discharge gap.

[0003] The invention still further relates to an internal
combustion engine.

[0004] The invention still further relates to a vehicle.

BACKGROUND OF THE INVENTION

[0005] Anignition spark is used to ignite a mixture, no-
tably in an internal combustion engine, such as an engine
of an automobile. A conventional ignition spark operates
as follows: upon an application of a discharge voltage
which is in excess of a breakdown voltage a spark de-
velops between two electrodes of the ignition plug. The
discharge voltage may be changing in time to allow three
sequential types of discharge with substantially different
energy and physical properties of the thus formed plas-
ma.

[0006] First, avoltage at the plug may rise untilitreach-
es the breakdown threshold, which may be followed by
a breakdown, usually within less than about 10 micro-
seconds. Then, the impedance of the discharge gap may
fall drastically and the current may rise from about several
hundred milliamperes up to a several hundred amperes
within a few nanoseconds. The capacitance of the plug
empties through the discharge gap of the plug. Peak cur-
rent phase in the conventional systems takes less than
100 nanoseconds. The spark then transits into the arc
phase in which the current is mainly determined by the
output impedance of the pulsed power source and the
transmission line. Often, it is limited by an optional resist-
ance connected in series with the discharge gap.
[0007] Atthe cathode of the plug one or many hot spots
may arise because of strong emission of electrons that
may lead to vaporization of the cathode material and the
cathode erosion as a consequence. This operational
phase in the conventional ignition systems takes about
1 to 20 microseconds. At currents below 100 mA the dis-
charge process may transit to a glow phase. Multiple tran-
sitions may occur between an arc and a glow discharge
depending on changes and displacement of the mixture
between the electrodes. In the conventional systems this
phase may last up to several milliseconds.

[0008] Itisadisadvantage of the known ignition system
that that the energy supplied to the mixture is limited. The
limitation occurs due to the fact that arc channel once
formed possesses high conductivity, thus confining pow-
er dissipated in gas channel due to flowing current. Said
limitation of conventional system restricts ignitibility of
diluted mixtures, that are combustible mixtures with high
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content of exhaust gas recirculated (EGR) or lean mix-
tures or a composition of lean mixture and EGR.

[0009] Itisafurtherdisadvantage of the known ignition
system that the electrode erosion may be quite substan-
tial deteriorating the operational characteristics of the
plug and possibly leading to a malfunction of a plug-
based apparatus.

SUMMARY OF THE INVENTION

[0010] Itis an object of the invention to provide a meth-
od of igniting a spatially distributed spark in a spark plug,
wherein ignition of a mixture in the discharge gap of the
plug has an increased efficiency and the range of ignit-
ability is extended towards diluted and/or lean mixtures.
[0011] It is a further object of the invention to provide
a method of igniting a spark in a plug wherein electrode
erosion is substantially reduced.

[0012] In addition, it is a further objective of the inven-
tion to provide a method to power a spark plug capable
to deliver more energy to a mixture in a discharge gap
than conventional methods.

[0013] To this end the method, according to the inven-
tion, for igniting a spark in an electrical plug provided in
acircuitand having a discharge gap for yielding a plurality
of consecutive spatially distributed sparks per single ig-
nition event, wherein the method comprises the steps of:

- applying discharge voltage pulses U to the discharge
gap with a period of maximally 1 millisecond, said
discharge voltage pulses having leading edge and
an amplitude sufficient to cause breakdown;

- limiting a conductivity current across the discharge
gap to maximum of about 10 mA during an interval
corresponding to the said leading edge or

- ensuring that a conductivity current across the dis-
charge gap is substantially zero during an interval of
at least 5% of the said period.

[0014] Thetechnical measure of the inventionis based
on the following insights.

[0015] Itis found that an energy portion inputted by a
voltage pulse into a gas phase, a maximum temperature
in the discharge channel and a total energy for a conven-
tional ignition system may be about:

breakdown - energy share about 94%, temperature
about 60 000 C, 1 mJ;

arc - energy share about 50%, temperature about 6
000 C, 1 mJ;

glow - energy share about 30%, temperature about
3 000 C, 30 mJ; as stated, for example, in Internal
Combustion Engine Handbook, Richard van
Basshuysen and Fred Shafer, SAE International,
2004, ISBN 0-7680-1139-6, pages 417-421.

[0016] Accordingly, the breakdown phase has the
greatestignition efficiency and causes faster energy con-
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version in the initial phase of the combustion process.
By enlarging the volume and/or duration of the spark it
is possible to improve reliability of the ignition process
as well as to extend the range of ignition towards more
diluted and/or leaner mixtures. Partially, this may be ex-
plained by inhomogeneities of air-fuel mixture composi-
tion thus aiming at large spark volume and/or extended
discharge time leads to better chances of spark affecting
mixture having best air-fuel ratio available. See, for ex-
ample, J. Warnatz, U. Maas, R. W. Dibble, Combustion,
4th ed., Springer, 2006, ISBN 978-3540677512.

[0017] One of the known methods uses multiple sparks
within one event of ignition. The multiple sparks method
is capable to provide several breakdowns of the dis-
charge gap and thus may lead to substantially increased
ignition efficiency. In order to create several consecutive
sparks per ignition event one can break and close a pri-
mary circuit, for example using a current switch intro-
duced into the primary circuit of ignition coil. A secondary
circuit may be connected to a spark plug. An open/closed
condition of the switch may be controlled with suitable
threshold levels for the electrical current flowing through
the secondary circuit. It is appreciated that consecutive
discharge channels in the known multiple-spark device
repeat the trajectory of previous channels or are stochas-
tically distributed in discharge gap. They typically create
alocalized spark in contrast to spatially distributed spark
in accordance with the current invention.

[0018] Itis found that using the method of the invention
a broader range of stoichiometric ratios may be used for
the ignitable medium to run, for example, an internal com-
bustion engine or a gas turbine. In addition, it is found
that with the method of the invention higher energies may
be injected per ignition event with less electrode wear.
Still in particularly, the method according to the invention
is found to substantially reduce fouling of the plug.
[0019] It will be understood that in the context of the
present invention the term 'discharge voltage’ will be in-
terpreted as a voltage in access of the breakdown voltage
of the plug under consideration. It will be understood that
in the context of the present invention the term ’leading
edge’ will be interpreted as a rising edge of the voltage
pulse prior to the breakdown voltage, and correspond,
for example, to 10% to 90% of breakdown voltage rise.
Those skilled in the art would readily appreciate that the
breakdown voltage is a pre-determined parameter for
any particular plug operable with a known mixture com-
position, density, temperature, etc.

[0020] It will be further appreciated that the term ’spa-
tially distributed spark’ or ’travelling spark’ will be inter-
preted as a sequence of adjacent sparks across a dis-
charge gap, wherein individual paths of the sparks sub-
stantially do not overlap and that the individual sparks
are sequential in time.

[0021] Itis found that with the method of the invention
it is possible to generate a plurality of adjacent flame
kernels formed by independent sparks. The spatially dis-
tributed sparks according to the invention excite the me-
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dium multiple times during a single ignition event. It will
be appreciated that the ignition event may correspond to
a burst of discharge voltage pulses. This feature advan-
tageously increases ignition reliability and extends igni-
tion limits towards leaner and/or more diluted mixtures.
[0022] Itis further found that the method of the inven-
tion is capable to generate the spatially distributed sparks
across the discharge gap within a relatively small time
so that a relatively large volume is filled with plasma dur-
ing one ignition event, while shortening arc and glow
phases duration as compared to conventional systems;
said phases eroding electrodes faster than the break-
down or spark phase. This feature advantageously re-
duces electrode wear.

[0023] It will be further appreciated that the method of
the invention may be practiced on various types of the
plugs having different geometry; it is preferable to use a
plug wherein at least one electrode is extended. It will be
appreciated that the term ’extended electrode’ relates to
an electrode having an extended surface area.

[0024] It will be further appreciated that although the
invention may be explained with reference to the internal
combustion engine, the method of igniting the travelling
spark as recited in the appended claims may be applica-
ble to other areas. For example, the method as is recited
in claim 1 may be applied in the field of turbines.

[0025] The ignition system according to the invention
comprises an electrical plug having a discharge gap pro-
vided in an electrical circuit, a voltage source adapted to
apply a series of discharge voltage pulses U to the dis-
charge gap, wherein the application of the discharge volt-
age pulses U results in a generation of a plurality of spa-
tially distributed adjacent sparks across the discharge
gap for a single ignition event.

[0026] A suitable spark plug for practicing the invention
may comprise two or more electrodes partially separated
by a heat resistant and electrically insulating material,
preferably ceramic, or ceramic-like. The plug may be part
of a suitable transmission line connecting the spark plug
to an output of a voltage pulse generator. Optionally, the
plug may be shunted by a capacitor. The voltage pulse
generator may be a solid-state pulser based on electronic
switches and/or flyback transformer, arranged to provide
voltage pulses to the transmission line. However, the
generator may be connected to the spark plug directly.
[0027] Such ignition system may be used in an auto-
motive industry. It will be appreciated that the ignition
system may form a part of an engine. It will be further
appreciated that the engine may comprise a plurality of
cylinders, wherein at least one cylinder may be provided
with a plug being energized in accordance to the method
of the invention for producing the travelling spark.
[0028] Alternatively, the ignition system may be used
in an energy production device, for example for lean
flame stabilization, launch/relaunch of a turbine, boiler
acoustic noise control. Still alternatively, the discharge
device according to the invention may be used in a clean
powder production, for example in processes of powder
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production from a gas phase.

[0029] In an embodiment of the ignition system, the
discharge voltage pulses have a period and the electrical
circuit is adapted to ensure that a conductivity current
across the discharge gap is substantially absent during
an interval of at least 5% of the said period or that the
conductivity current across the discharge gap does not
exceed 10 mA during an interval corresponding to a lead-
ing edge of the discharge voltage.

[0030] Itis found advantageous to generate the burst
of the discharge voltage pulses with a period of about 1
microsecond - 1 millisecond. Accordingly, the electric cir-
cuit of the ignition system of the invention is adapted to
ensure that the conductivity current across the discharge
gap is substantially absent at least during 0.05 microsec-
ond-0.05millisecond. Those skilled inthe art would read-
ily appreciate which measures have to be undertaken for
aknown spark plug and a known voltage pulse generator.
Alternatively, the same effect may be reached when the
conductivity current across the discharge gap does not
exceed 10 mA during an interval corresponding to the
leading edge of the discharge voltage. In a still further
embodiment of the ignition system according to the in-
vention the electrical circuit comprises a coaxial cable at
least on a path connecting the voltage source and the
plug. An exemplary embodiment of a pulse shape of the
discharge voltage pulse will be discussed with reference
to Figures 3-4.

[0031] In a still further embodiment of the ignition sys-
tem according to the invention the plug comprises a di-
electric material having a dielectric strength of at least 1
kV. An embodiment of the plug will be discussed in more
detail with reference to Figure 1.

[0032] In a still further embodiment of the ignition sys-
tem according to the invention the coaxial cable has im-
pedance in the range of 10 - 300 Ohm. Preferably, the
power source is a solid-state switch device.

[0033] In a still further embodiment of the ignition sys-
tem according to the invention the electrical circuit further
comprises a capacitance connected in parallel with re-
spect to the plug, said capacitance having a value of less
than 3 nF. This feature is found to be advantageous for
reducing secondary post-breakdown currentsin the elec-
trical circuit connecting the voltage source and the plug.
Alternatively, the electrical circuit may comprise a capac-
itance that temporarily shunts voltage source after dis-
charge in the discharge gap occurs: closing the circuit
with said capacitance and said voltage/current source
shortly after breakdown of the discharge gap to direct
power off the arc channel in order to subsequently dissi-
pate the power in reactive elements, and breaking the
circuit connecting said capacitance to said generator pri-
or to charging the spark plug to breakdown voltage in
order to save energy per spark. An embodiment of the
ignition system will be discussed in more detail with ref-
erence to Figure 5.

[0034] In a still further embodiment of the ignition sys-
tem according to the invention the discharge gap has a
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variable thickness and/or is partially covered by an insu-
lator.

[0035] It is found that even for non-regularly shaped
discharge gaps the method of the invention is capable
of generating spatially distributed sparks. Preferably, the
variable thickness may be ranging up to 2 times of the
shortest distance between the electrodes forming the dis-
charge gap and not covered by insulator for meeting the
working conditions for generation of the spatially distrib-
uted sparks.

[0036] In a still further embodiment of the ignition sys-
tem according to the invention the plug is additionally
energized using a burst of discharge voltage pulses ei-
ther in advance of a desired ignition event or post the
ignition. An embodiment of the ignition system will be
discussed in more detail with reference to Figure 6.
[0037] It is found to be particularly advantageous to
allow a pre-treatment of the discharge gap with a series
of voltage pulses prior to actual ignition event. Such volt-
age pulses may advantageously pre-treat the mixture in
the discharge gap, for example by converting a small part
of a mixture containing hydrocarbons and air into perox-
ides, aldehydes, ketones, alcohols as well as H2, CO,
CH4, etc. Those skilled in the art will readily appreciate
that CO and CH4 will comprise products of partial oxida-
tion of ultra-lean hydrocarbon-air mixtures that may be
initiated by a plurality of distributed sparks. Thus, the ig-
nition delay, the flame propagation velocity, etc. may be
suitably tuned.

[0038] An application of a burst of voltage pulses in
advance or post of a mixture ignition event may also re-
move fouling film if occurred and might be advantageous
for cold engine start or rich combustion conditions. It will
be appreciated that these examples are not limitative.
[0039] Itisfound advantageous to apply a burst of dis-
charge voltage pulses after an ignition event (post-treat-
ment) in order to discover knocking. Travelling spark
breakdown voltage is substantially constant for fixed den-
sity, temperature and mixture composition in the dis-
charge gap. Shortly after ignition, the products of com-
bustion surround spark plug gap, thus composition is
fixed while temperature and pressure continue to change
gradually in case of a knock-free combustion. If knocking
occurred, highpressure waves propagate inside combus-
tion chamber thus alternating breakdown voltage sto-
chastically, which can be monitored for repetitive pulses
applied to the discharge gap of said plug causing a trav-
elling spark.

[0040] The internal combustion engine according to
the invention comprises the ignition system as is set forth
in the foregoing. Preferably, the internal combustion en-
gine comprises a plurality of cylinders, wherein the ap-
plication of the discharge voltage pulses is synchronized
with a compression phase within at least one of the said
cylinders.

[0041] Itis found advantageous for a cylinder to com-
prise several spark plugs according to the invention to
provide ignition in several points. For example, for the
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conditions with slow flame propagation in lean and/or di-
luted mixtures.

[0042] The vehicle according to the invention compris-
es the engine as is set forth in the foregoing.

[0043] These and other aspects of the invention will be
discussed in more detail with reference to the figures. It
will be appreciated that the figures are illustrative, not
limiting.

BRIEF DESCRIPTION
[0044]

Figure 1 presents a schematic view of an embodi-
ment of a spark plug for practicing the invention.
Figure 2 presents pictures corresponding to top and
side view of a plurality of distributed sparks formed
over spark plug as in Figure 1 and obtained with the
method of the invention.

Figure 3 presents in a schematic way an embodi-
ment of a suitable voltage shape according to an
aspect of the invention.

Figure 4 presents oscillograms of current through a
plug (top curve) and voltage over discharge gap of
the plug (bottom curve) obtained when practicing the
embodiment of the invention.

Figure 5 presents in a schematic way an embodi-
ment of anignition system according to the invention.
Figure 6 presents in a schematic way an embodi-
ment of voltage bursts according to a further aspect
of the invention.

Figure 7 presents pressure profiles inside of a cylin-
der of an IC engine obtained using conventional ig-
nition system and ignition system based on the in-
vention for identical engine load and revolution rate.
Figure 8 presents pressure profiles in the cylinder of
an engine operating in uniform lean-burn regime us-
ing ignition system based on the invention for iden-
tical engine load and revolution rate for air excess
factor A in the range 1.0 - 4.5.

Figure 9 presents nitric oxide concentration in ex-
haust reduction and exhaust temperature decrease
foran engine operating in a uniformlean-burnregime
using ignition system based on the invention for air
excess factor A in the range 1.0 - 6.0.

DETAILED DESCRIPTION

[0045] Figure 1 presents a schematic view of an em-
bodiment of a spark plug for practicing the invention. Al-
though it will be appreciated that any geometry of a spark
plug may be used an embodiment of a suitable spark
plug will be explained using a cylindrically symmetrical
plug. It will be appreciated that, alternatively, the gap may
have a variable dimension or may be partially covered
by an insulator.

[0046] A cylindrically symmetrical spark plug suitable
for practicing the invention comprises an outer shell of
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the main axis A formed in a first conducting material 4,
with one end facing a combustion chamber preferably
having a circular cross-sectional surface. An electrical
insulator 2 is provided in a cavity of the shell 4. At a com-
bustion chamber end of the insulator 2, the insulator
forms a sheath around the central electrode tip 9 for elec-
trically insulating from the shell 4. The combustion cham-
ber end of the shell 4 is welded through at least one con-
tact pin, a ground electrode 8 is provided. The ground
electrode may be shaped as a coil. Preferably, a gap
having a constant dimension is provided between the
electrode 9 and the ground electrode 8. A terminal nut 1
provides an electrical contact for the central electrode 3
to an external power supply of voltage pulses. A conduc-
tive sealantmay be located between the central electrode
3 and the central electrode tip 9. The conductive sealant
may be manufactured from an electrically conductive
glass, which may mechanically anchor the components
of the central electrode and may provide a gas-tight seal
against the combustion pressure. Another sealing 7 may
be provided for enabling a gas-tight seal for the interior
of the shell 4. A yet another seal 6 may be provided for
isolating the combustion chamber from ambient atmos-
phere. Thread 10 carved in the shell 4 may be used to
fix the spark plug inside the engine. Shell 4 may have a
hexagon-like outer shape 11, for example for screwing
the plug inside the engine.

[0047] Shell 4 may form a part of coaxial fitting from
transmission line or directly from voltage generator to the
discharge gap. Optionally, it may be provided with addi-
tional thread (11, not shown) to connect directly voltage
generator or transmission line to said spark plug. Seal 6
may be a part of coaxial fitting connecting directly voltage
generator or transmission line to said spark plug.
[0048] Yet other possible geometries for the combus-
tion chamber end of the spark plug are presented in the
cross-sectional views AP and LP.

[0049] Figure 2 presents pictures of an embodiment of
a distributed spark obtainable with the method of the in-
vention in a combustion chamber end view for a spark
plug depicted in view AP in Figure 1. In this figure, view
"a" item 1 denotes the electrode tip (item 9 in Figure 1),
item 2 denotes the insulator 2 (item 2 in Figure 1) and
item 3 denotes the shell (item 4 in Figure 1). It will be
appreciated that the sparks corresponding to the con-
secutive time moments i-3, i-2, i-1 and i start spatially
next to each other and the direction of spark propagation
tends to maintain. Accordingly, the hot spots produced
by each spark at places where it contacts the electrodes
are both spatially and temporally distributed. The corre-
sponding discharge channels are distributed over the dis-
charge gap. The discharge gap may have a variable
thickness. The variable thickness is preferably 100% -
200% of the shortest distance between the electrodes
forming the discharge gap.

[0050] View "b" presents an image of plurality of the
spatially distributed sparks; those skilled in the art will
appreciate a uniform distribution of said sparks. View "c"
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presents a front view of a plug having a travelling spark.
It will be appreciated that the view "c" is acquired with a
camera adapted to register temporally consequent
events, i.e.inthe view "c" animaginary X-axis represents
time. View "d" presents a side view of plurality of distrib-
uted adjacent sparks. It is seen that a substantially vol-
umetric travelling spark is produced in the region S. This
has an advantage that substantially no degradation of
the dielectric surface occurs, in contrast to the static non-
travelling surface sparks known from the art. It is further
found that such volumetric dynamic spark is more effec-
tive for igniting a suitable mixture than a static surface
spark.

[0051] Figure 3 presents in a schematic way an em-
bodiment of a suitable voltage pulse shape when meas-
ured across the gap according to an aspect of the inven-
tion. It will be appreciated that for clarity reasons a single
discharge voltage pulse U from a series of voltage pulses
corresponding to an ignition burst is presented.

[0052] The voltage pulse is characterized by a maxi-
mum amplitude Ubr, which is the discharge voltage, at
least, equals to a breakdown voltage for a given plug. It
will be appreciated that it is possible to apply voltages to
the gap having the same or different polarities. Those
skilled in the art will appreciate that in case of short du-
ration voltage pulses fed to said spark plug through trans-
mission line, preferably comprising coaxial cable, it is
possible to use voltage pulses with an amplitude differs
from the breakdown voltage of the gap. These pulses
increase their amplitude when reflect from high-imped-
ance load, limit peak discharge current, and favour dis-
tributed spark development. Itis found that for the leading
edge of the voltage pulse, defined as Tf being, for exam-
ple, a time period between a 10% value and a 90% value
ofthe breakdown voltage, the conductivity current across
the discharge gap should not exceed of about 10 mA for
favouring development of the distributed sparks. Alter-
natively, conductivity current across the discharge gap
should be substantially zero during an interval of at least
5% of a period between the consecutive breakdown volt-
age pulses of the ignition burst. After-breakdown S os-
cillations of voltage over the discharge gap typically occur
after formation of high-conductivity channel in the gap.
The shape of oscillations can differ from the presented
in the figure and is intended to be illustrative here.
[0053] It should be appreciated that presented voltage
pulse shape is indicative and not limiting, admixed AC
and DC voltages are allowed as long as they do not sub-
stantially change distributed spark development.

[0054] Figure 4 presents oscillograms of voltage and
current that correspond to a single spark from a plurality
of distributed sparks over a spark plug depicted in Figure
2. The plug is powered with a generator of nanosecond
voltage pulses through a coaxial cable. Top curve depicts
currentthroughthe plug. The scope of current oscillations
is about 100 A, base level is 0 A. First peak corresponds
to the breakdown and subsequent current oscillations
are due to short-circuiting of the gap. Bottom curve cor-
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responds to the voltage over the gap of said plug. First
high amplitude peak corresponds to a pulse formed by
generator until breakdown threshold is reached. Shortly
after a spark channel is formed in the discharge gap, the
voltage over the gap drops because a high conductivity
channel is formed. Subsequent oscillations of voltage
and current are due to voltage pulse reflections from the
generator end and the plug end of the cable. At this time
interval, the energy stored in the pulse dissipates and
the generator does not supply more energy into the cir-
cuit. The key issue is an almost zero current through the
plug at the period of time immediately preceding the volt-
age peak that ensures no conductive channel exists
when new spark starts to form. This in combination with
energy release from spark formed with the previous volt-
age pulse provides that consecutive voltage pulses ap-
plied to the discharge gap form adjacent sparks rather
than overlapping sparks.

[0055] Figure 5 presents in a schematic way an em-
bodiment of an ignition system according to an aspect of
the invention. According to an aspect of the invention the
voltage pulse generator 20, such as a suitable solid-state
switch device, is connected to the spark plug 22 using a
transmission line L, preferably a coaxial cable. Accord-
ingly, the duration of the leading edge of the voltage
across the gap is smaller than the time of the voltage
pulse propagation along said transmission line. In order
to reduce undesirable secondary effects occurring in the
electrical circuit connecting the generator 20 and the plug
22, such as oscillations, a shunt capacitance C may be
provided. Preferably, said capacitance has avalue ofless
than 3 nF. Preferably, the coaxial cable L has impedance
in the range of 10 - 300 Ohm. Another aspect of the in-
vention is the power source 20 is directly connected to
the plug 22.

[0056] Figure 6 presents in a schematic way an em-
bodiment of voltage bursts A, B, C according to a further
aspect of the invention. Shown pulses amplitude and pe-
riod relations and burst durations are indicative and do
not limit present application, pulses amplitude within
burst may change as long as considerable part of pulses
provide distributed sparks. The bursts A, B and C are
presented as a function of the crank angle (X-axis).
[0057] The burst B corresponds to the ignition, the
burst causes a plurality of distributed sparks to develop
over the discharge gap of a spark plug which is installed
inside combustion chamber of a spark ignition engine. In
the upper section of the figure, two curves are presented
characterizing the physical phenomena which take place
over the discharge gap. The curve P represents the pres-
sure developmentover the discharge gap while the curve
T represents the temperature in the combustion cham-
ber. In accordance with an aspect of the invention, the
beginning of the ignition burst B is synchronized with a
particular and regulatable crank angle, which is typically
between -30 and -20 degrees of the crank. It will be ap-
preciated that other synchronizations are possible de-
pending on the type, geometry of the combustion cham-
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ber as well as the engine currentload and revolution rate.
[0058] In accordance with a further aspect of the in-
vention the ignition burst of pulses B may be preceded
by a burst of voltage pulses A, having an amplitude that
may differ from that for burst B. Said burst A provides
pre-treatment that is useful for tuning ignition properties
of the mixture and can eliminate fouling film if occurred.
Pulses A are preferably applied during compression.
Said burst A application strategy may also be advanta-
geous forengines running in HCCI mode when fine tuning
of temperature and composition of mixture prior to main
ignitionis needed. Itis possible to provide additional heat-
ing with combustion of very lean mixture provided by di-
rect injection of small amount of fuel at early stage of
compression cycle.

[0059] Likewise, itis found to be advantageous to pro-
vide a suitable burst of pulses C for a post treatment of
discharge gap, preferably between +5 and +25 degrees
of the crank, in order to remove fouling film if occurred,
for example, during cold engine start or rich combustion
conditions.

[0060] Asanexample, Figure 7 presents two pressure
profiles (Y-axis) obtained with a conventional ignition sys-
tem 17a and with an ignition system based on the inven-
tion 19a in a cylinder of an engine operating with a fixed
load and revolution rate. Standard deviation of cycle-to-
cycle pressure profiles is also presented in the Figure for
both systems, 17b for the conventional system and 19b
for the system operating according to the method of the
invention. As it follows from this Figure, use of ignition
system based upon invention leads to remarkably lower
cyclic variations and eliminates misfiring. Under the con-
ditions of presented test, misfiring regularly happens with
an ordinary system between +80 and +190 degrees of
the crank (X-axis). For this particular case, about of 30%
lower fuel consumption is obtained when practicing the
invention due to a higher overall efficiency.

[0061] Figure 8 presents pressure development in a
cylinder (Y-axis) of an engine on the crank angle (X-axis)
for the uniform lean-burn combustion for a fixed load and
revolution rate with different levels of excess air ratio A.
The engines designed for lean burning provide better per-
formance, more efficient fuel use and lower exhaust
emissions than those found in conventional engines.
[0062] Figure 9 presents nitric oxide concentration in
exhaust reduction (Y-axis, left) and exhaust temperature
decrease (Y-axis, right) as a function of the crank angle
(X-axis) for an engine operating in a uniform lean-burn
regime using ignition system based on the invention for
air excess factor A in the range 1.0 - 6.0. According to
the results presentedin Figure 9 anignition system based
upon the invention provides reliable ignition for such con-
ditions as well as significant exhaust emission reduction
and gas temperature decrease. These results are intend-
ed to be illustrative, not limiting.

[0063] While specific embodiments have been de-
scribed above, it will be appreciated that the invention
may be practiced otherwise than as described. The de-
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scriptions above are intended to be illustrative, not limit-
ing. Thus, it will be apparent to one skilled in the art that
modifications may be made to the invention as described
in the foregoing without departing from the scope of the
claims set out below.

Claims

1. A method of igniting a spark in an electrical plug pro-
vided ina circuitand having a discharge gap for yield-
ing a plurality of consecutive spatially distributed
sparks per single ignition event, wherein the method
comprises the steps of:

- applying discharge voltage pulses U to the dis-
charge gap with a period of maximally 1 milli-
second, said discharge voltage pulses having a
leading edge and an amplitude sufficient to
cause breakdown;

- limiting a conductivity current across the dis-
charge gap below of about 10 mA during an in-
terval corresponding to the said leading edge or
- ensuring that a conductivity current across the
discharge gap is substantially zero during an in-
terval of at least 5% of the said period.

2. The method according to claim 1, wherein the elec-
trical plug comprises electrodes, at least one elec-
trode being extended.

3. The method according to claim 1 or 2, wherein the
application of the discharge voltage pulse is preced-
ed by an application of a series of sub-breakdown
voltage pulses and/or AC and/or DC admixed volt-
ages.

4. The method according to claim 1, 2 or 3, wherein the
electrical plug forms part of an ignition system of an
engine.

5. An ignition system having an electrical circuit com-
prising an electrical plug having a discharge gap, a
voltage source adapted to apply a series of dis-
charge voltage pulses U to the discharge gap,
wherein the application of the discharge voltage
pulses U results in a generation of a plurality of spa-
tially distributed adjacent sparks across the dis-
charge gap for a single ignition event.

6. The ignition system according to claim 5, wherein
the said discharge voltage pulses have a leading
edge and a period, the electrical circuit being adapt-
ed to ensure that a conductivity current across the
discharge gap is substantially absent during an in-
terval of at least 5% of the said period or that the
conductivity current across the discharge gap is less
than 10 mA during an interval corresponding to the
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leading edge of the discharge voltage.

The ignition system according to claim 6, wherein
the said period is in the range of 1 microsecond - 1
millisecond.

The ignition system according to claim 5, 6 or 7,
wherein the electrical circuit comprises a transmis-
sion line at least on a path connecting the voltage
source and the plug, wherein said voltage source is
capable to provide pulses with the total duration less
than 1 microsecond and/or with the total energy less
than 100 mJ per pulse.

The ignition system according to any one of the pre-
ceding claims 5 - 8, wherein the plug comprises a
dielectric material having a dielectric strength of at
least 1 kV.

The ignition system according to any one of the pre-
ceding claims 8 or 9, wherein the transmission line
has impedance in the range of 10 - 300 Ohm.

The ignition system according to claim 8, 9 or 10,
wherein the power source is a solid-state switch de-
vice.

The ignition system according to claim 11, wherein
the power source is directly connected to the plug.

The ignition system according to any one of the pre-
ceding claims 5 - 12, wherein the electrical circuit
further comprises a capacitance connected in par-
allel with respect to the plug, said capacitance having
a value of less than 3 nF or wherein the capacitance
is capable of shunting said voltage source after dis-
charge of the discharge gap.

The ignition system according to any one of the pre-
ceding claims 5 - 13, wherein the discharge gap has
a variable thickness.

The ignition system according to claim 14, wherein
said variable thickness is ranging from 100% - 200%
of the shortest distance between the electrodes
forming the discharge gap.

The ignition system according to any one of the pre-
ceding claims 5 - 15, wherein the spark plug com-
prises several discharge gaps.

The ignition system according to any one of the pre-
ceding claims 5 - 16, wherein said plug is energized
in advance of a desired ignition event using a burst
of discharge voltage pulses.

The ignition system according to any one of the pre-
ceding claims 5 - 16, wherein said plug is energized
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19.

20.

21.

after the ignition event using a burst of discharge
voltage pulses.

An internal combustion engine, comprising the igni-
tion system according to any one of the preceding
claims 5 - 18.

The engine according to claim 19, comprising a plu-
rality of cylinders provided with corresponding plugs,
wherein the application of the discharge voltage
pulses to said plugs is synchronized with a compres-
sion phase within at least one of the said cylinders.

A vehicle comprising an engine according to claim
20.
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