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Abstract

To meet the mandatory CO2 emissions regulations in the future, current gasoline en-
gines require significant work for efficiency improvement. One critical part of combus-
tion optimization is to improve the spark ignition process, especially for the engines
that utilize charge dilution concept incorporated with strong cylinder flow. Such high
efficiency combustion process requires the ignition systems to effectively ignite the
mixture and secure the flame kernel until developing to self-sustainable propagation.
In this paper, the extent of spark stretching and the ability to withhold from restrike in
high-speed flow are investigated for various sparking strategies. A thick plasma chan-
nel that is generated by boosted glow current is less prone to be blown off by the strong
flow, consequently, the restrike frequency is lowered. In comparison with a low current
long lasting spark generated by the dual-coil continuous discharge strategy, the
boosted current strategy can lead to a faster flame kernel growth. Single-cylinder en-
gine experiments indicate that the combustion phasing controllability and the stability
of lean/diluted engine operation can be improved by using the boosted current ignition
strategies with conventional spark plug. Extensive engine test results indicate that the
multi-core ignition can better control the gasoline combustion and extend the operable
limits of lean/diluted engine combustion, compared with single-pole ignition for low to
medium engine loads. Experimental results indicate that the multi-core ignition strat-
egy, even with lower current on each pole, have clear advantages over the high current
single-pole strategies such as the multi-coil ignition and the boosted current ignition,
with respect to the combustion phasing controllability of super lean gasoline combus-
tion. Multiple-cylinder production gasoline engine test results show that the multi-core
ignition can improve the stability of gasoline engine at high levels of dilution, thereby
leading to improvement of indicated specific fuel consumption.

1 Introduction

Presently, internal combustion engines (ICEs) power over 99% automotive vehicles in
the world. New generations of ICEs will continuously power the majority automotive
vehicles including hybrids for the foreseeable future, despite that renewed emphasis
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on electric and plug-in hybrid vehicles gains ground recently. Worldwide research pro-
grams are targeting to raise the ICE brake thermal efficiency (BTE) to 55~60% for
heavy-duty engines, and 40~45% for light-duty engines, while to lower the exhaust
pollutants by 70~90% from current standards. The BTE will be increased through en-
gine technology innovations and combustion control advances, in addition to friction
reduction and waste heat recovery etcetera; the emissions will be reduced with ad-
vanced combustion control and exhaust after-treatment.

As the CO2 emission regulations become mandatory, meeting the standards requires
significant work to improve the efficiency of gasoline engines. The current trend is to
utilize the vehicle and powertrain downsizing to improve the fuel efficiency and thus
reduce COz2 production while applying forced air induction, usually via turbocharging
techniques, to compensate the otherwise reduced torque and power performance due
to downsized engine displacement. Under the boosted engine conditions, especially in
part load operation, the diluted combustion concepts through internal or external ex-
haust gas recirculation (EGR) provide further improvements in fuel efficiency and NOx
emission reduction[1,2]. Moreover, instead of running conventional stoichiometric
combustion, the gasoline lean burn operation also draws increasing attention in the
research field. The charge dilution increases the fuel efficiency of gasoline engines
primarily due to (1) reduction in pumping loss at partial loads, (2) mitigation in combus-
tion knock to allow better combustion phasing, (3) decrease in heat loss because of
lower combustion temperature [3-5]. Furthermore, an adequately lean and/or diluted
cylinder charge potentially allows the use of a higher compression ratio for additional
improvements in thermal efficiency. At the same time, a diluted cylinder charge also
presents challenges to combustion stability, because the dilution tends to prolong the
ignition delay and slowdown the burn rate; in extreme cases, it can result in engine
misfire. In addition, it is desired to attain the combustion phasing within a crank angle
window close to the top dead center (TDC) in order to achieve the optimal thermal
efficiency. For instance, the crank angle of 50% mass fraction burned (CA50) should
be located at 6~8 °CA after the top dead center (aTDC) [6]. However, the slow flame
kernel growth and burn rate of a highly diluted cylinder charge make it challenging to
achieve the optimal combustion phasing. The degree of dilution is generally limited by
late combustion phasing, severe cyclic variation, and declined mixture ignitability.

In order to secure ignition and accelerate flame propagation, substantial efforts have
been spent in the mixture aspect, such as mixture preparation, intensification of cylin-
der flow, and the geometry matching of the combustion chamber especially in the flow
field near the spark electrodes. In another aspect, the enhancement of the ignition
source can extend the tolerance of worsened mixture ignitability and thus allows higher
levels of mixture dilution. The impacts of a more robust ignition source include reducing
ignition delay, allowing closer to TDC spark timing, and accommodating variations in
charge motion and mixture homogeneity. The enhancement of the conventional single-
spot ignition sparkplugs normally seeks a high discharge power [6-10] or a prolonged
duration of spark glow [11, 12]. Advanced ignition techniques such as non-equilibrium
plasma discharge can produce multiple-spot ignition in the proximity of the igniter. Vol-
ume-type ignition is achieved through the discharge of transient plasma [13-15] or ra-
dio-frequency corona [16]. Research in microwave ignition [17] and laser ignition [18]
also shows promising potential of improving the ignition control of diluted mixtures by
distributed and multiple ignition sites. Multiple-spot ignition via these advanced ignition
techniques are effective to secure ignition and accelerate combustion for spark ignition
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engines under diluted conditions. However, the hardware complexity and compatibility
to common engine designs remain a major concern.

In this paper, the authors present an innovative three-core igniter system as a drop-in
technology to improve the ignition and combustion for gasoline engines under diluted
conditions [19-22]. While having the same dimensions as a regular sparkplug, the new
igniter is capable of delivering three spark arches simultaneously in the perimeter of
the igniter, resulting in multiple-spot ignition sites and a larger ignition volume. The
three-core igniter is tested in optical combustion vessels to visualize its effects on the
ignition process, and on a production gasoline engine to examine its impact on engine
combustion characteristics. This novel igniter architecture also unfolds multiple possi-
bilities to apply advanced control strategies for efficient utilization of the ignition energy,
such as sequential arcing among the three HV electrodes and real-time ignition current
modulation. This paper primarily focuses on the three-core igniter in lieu of a conven-
tional spark plug running with the ignition coil drivers in current production.

2 Experimental Setups

21 Advanced Ignition Systems

A range of ignition technologies were developed in the clean combustion engine labor-
atory (CCEL) in the past decade. The effective ones are listed in table 1. The ignition
improvement is realized either to enhance the transient power or modulate the energy
delivery profile after the spark breakdown. One technique is to utilize direct capacitor
discharge to enhance the breakdown power or deploy high ignition energy. The high
intensity of plasma offers high temperatures that enhance the chemical reactions of
the gas mixture in the spark gap. The fast deposition of a large amount of energy is
effective to expand the plasma beyond the constraint of electrodes, which can signifi-
cantly affect the flame kernel development, especially under moderate flow conditions.

Table 1: Advanced Ignition Technologies Development at CCEL

Technology Principle Impact

Multi-core Ignition System [19] | Spark spatial distribution Multiple site, large ignition volume

Boosted Current Ignition [23] Spark glow-current control | Long duration continuous discharge, current
boosting on demand

High-power Ignition [24, 25] Direct capacitor discharge | Breakdown enhancement

High-energy Ignition Direct capacitor discharge | High energy plasma

Active Control Resonant Igni- | RF corona discharge Non-thermal plasma, large ignition volume,

tion [26] continuous discharge

Multi-coil Ignition [22] Increase spark energy High peak glow current

Pre-chamber ignition Flame jet Fast burning
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Figure 1: Multi-core ignition technology and prototypes development

The pursuit for multiple ignition sites has moved from the traditional multiple spark plug
technique, which employs more than one spark plug per cylinder, to seek multiple ig-
nition kernels with a single igniter, due to the tight space on the cylinder head. This
technology has been developed and extensively evaluated in CCEL in the past ten
years. The technology development pathway is given in figure 1. The three-core igniter
prototyping started from in-house made igniters with sintered ceramic core. Two gen-
erations of manufacturer prototypes are developed in collaboration with the sparkplug
manufacturers. The latest system-level prototype consists of a 3-coil pack, high voltage
connector, and a fine-electrode three-core igniter.
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Figure 2: Sketch diagram of single-channel boosted current ignition control system
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The enhancement of spark glow current is considered an effective way to secure the
ignition kernel development in high-speed flow. A sketch diagram of the boosted cur-
rent ignition control system developed in the CCEL is illustrated in figure 2. The spark-
plug used is a conventional resistor spark plug. A traditional inductive ignition coil is
used to energize the spark breakdown, while an auxiliary power control module is used
to enhance the glow current after the spark breakdown. The glow current boosting is
realized through constant-voltage control. A power electronics module is used to mod-
ulate the glow current amplitude and duration. Multi-coil ignition is the other technique
used to enhance the spark current. In this paper, three identical ignition coils are con-
nected in parallel to supply spark energy to a single spark plug. The spark current
profile is still following the traditional triangular delaying shape, while the peak of the
spark current is increased significantly.
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2.2 Optical Constant Volume Combustion Vessel System

A schematic diagram of the combustion vessel platform is illustrated in figure 3. The
optical chamber has a working volume of about 1.2L with a @80mm view port. High-
speed shadowgraph imaging tests are conducted to visualize the ignition flame kernel
development and flame propagation processes. The high-speed imaging setup in-
cludes two identical parabolic mirrors with a diameter of 6 inches and a focal length of
48 inches, a cold white LED light source, a 0.4 mm pinhole, and a knife-edge. Images
are recorded by a Phantom v7.3 digital high-speed camera.

An Environics 4040 gas divider is employed to provide accurate concentration control
on the methane (CH4), Carbon dioxide (COz2) and air. The combustion vessel3s are
fitted with dynamic pressure transducers for combustion pressure measurement. The
combustion pressure is recorded by a data acquisition system which is externally trig-
gered by the spark energizing command signal.
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Figure 3: Schematic of optical combustion vessel test platform

For the 3-core ignition power drive, three identical ignition coils are connected in par-
allel to energize the three spark gaps of the igniter. Each ignition coil is independently
controlled by an individual insulated gate bipolar transistor (IGBT) chip which is driven
by a specifically designed gate-drive circuit. The electronics driver circuit is packaged
in-house. The ignition command signal for each spark event is generated from a Na-
tional Instruments real-time computer and field programmable gate array (FPGA)
setup. In order to characterize the spark discharge process, three identical wide-band
current probes (Pearson 411) are employed to measure the discharge current. For the
spark discharge high voltage measurement, two Tektronix P6015a probes and one
Northstar PVM-6 are used. Good measurement fidelity between three high voltage
probes is observed during the validation tests. The discharge voltage and current
waveforms are recorded in a digital oscilloscope. The recording of the waveforms of
the discharge voltage and current are triggered by the rising edge of the spark com-
mand signal at the start of the ignition coil charging. The waveforms are recorded by
the digital oscilloscope with a sampling rate up to 40 MHz.

2.3 Single-cylinder Research Engine

The ignition systems are evaluated on a single-cylinder engine. The engine is modified
to locate a centrally-mounted spark plug. A diagram of the spark plug location, the
orientation of the three electrodes is shown in figure 4. The key engine parameters are
shown in Table 2. The piston shape and the intake system of the engine are modified
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to operate the spark ignition diluted gasoline combustion mode. The compression ratio
was modified to 13:1 and 9.2:1 by removing material to form a shallow bowl! across
approximately 80% of the piston top surface. The spark plugs installation aligns the
spark gap protrusion and the gap orientation comparable in all the engine tests for
various ignition strategies.

Sparkplug installation
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Figure 4: Single-cylinder engine setup and spark plug adaption

Table 2: Engine specifications

Engine parameter Value
Displacement 0.84 L

Bore 101 mm
Stroke 105 mm
Compression ratio 13:1,9.2:1
Fuel #87 gasoline

An intake manifold is fabricated to integrate a low-pressure port fuel injector. The en-
gine is coupled with a direct current dynamometer. The in-cylinder pressure is acquired
with a pressure transducer at 0.1°CA in synchronization with a crank-mounted optical
encoder. The manifold pressure is acquired with a piezo-resistive absolute pressure
transducer. Data recording of the pressures at each condition consists of 200 consec-
utive engine cycles. The fresh engine air intake is provided by a dry, clean com-
pressed-air compressor system and controlled with electronic pressure regulation. A
manual ball valve is used to throttle the engine intake. The fresh air flow rate is meas-
ured by a mass air flow rate meter (Roots Meter 5M175). No exhaust gas recirculation
is used for these tests. The fuel flow rate is measured by a piston-type flow meter (Ono
Sokki FP-213). The engine coolant circulation and temperature control is carried out
by an external coolant conditioning unit and maintained to 80 °C. The fuel used in the
engine test is pump-octane #87 gasoline, with estimated research octane and motoring
octane number of 91, and 83, respectively

2.4 Multiple-cylinder Development Engine

A production development engine is instrumented with cylinder pressure acquisition
and exhaust gas sampling for the three-core igniter study(figure 5). The engine speci-
fications are given in table 3. Each bank of the engine has an overhead camshaft, and
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the dual-equal VCT technology controls the cam retard of both intake and exhaust
valves simultaneously. By design, a retard of the intake and exhaust valve events re-
sults in a greater amount of exhaust gas trapped in the cylinder, thereby increasing the
internal EGR dilution.

Speed BMEP VCT A Sparktiming Tested
(rpm) (bar) (°CA) ("CABTDC) cylinder
1500 2.6 13- 1.0 323-494 #2
50.5

Speed BMEP VCT A Sparktiming Tested
(rpm)  (bar) (°CA) ("CABTDC) cylinder

1500 2.6 15- 1.0 323-494 #4
50.5

Ford V8 Engine

Figure 5: Multiple-cylinder development engine testing conditions

Table 3: Test engine specifications

Engine Type Naturally Aspirated V8 4-stroke
Displacement [L] 6.2

Bore [mm] 102

Stroke [mm] 95

Compression Ratio 9.8:1

Valve-train Single Overhead Cam (SOHC)
Ignition system Individual Coil on Plug

A fully open powertrain control module (PCM) is set up to allow flexible control over
the engine operating parameters, such as the spark advance and VCT retard. The
engine torque and power are measured by an AC dynamometer. The engine cylinder
pressure and other operating parameters are recorded through the data acquisition
system.

3 RESULTS AND DISCUSSIONS

3.1 Spark glow current boosting to improve plasma stretching in high-speed
flow

The effects of gas flow on the spark discharge process are investigated under con-
trolled flow conditions with nitrogen as the background gas first. The discharge voltage
and current are measured simultaneously with high speed imaging recording of the
spark plasma. The current boosting strategy is adopted to study the performance of
elevated discharge current under flow conditions. The spark plasma is stretched by the
gas flow as illustrated in Figure 6. The background pressure is varied from 1 bar to 23
bar and the selected photos represent the cases with and without boosted current. The
flow velocity is approximately 40 m/s. The spark plasma is stretched by the flow, and
the maximum stretched length is affected by both discharge current level, and the
background pressure. When the discharge current is low, the spark plasma is stretched
to a shorter extent, and with a thinner plasma profile. Restrikes are observed under
both background pressure conditions with the low current. While when the current level
is boosted, the stretched plasma is significantly longer and thicker. Restrikes are only
observed when a higher background pressure is applied.
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Figure 6: Spark stretching behavior under a cross-flow speed of ~40m/s

The discharge duration and restrike numbers are summarized in Figure 7 for the four
experiments. The velocity increases from 0 m/s up to 50 m/s. For the baseline spark
discharge with a low discharge current level, the spark duration decreases when the
flow velocity increases, with a more drastic decrease under the high background pres-
sure of 23 bar. Whereas for the boosted current discharge, the discharge duration is
maintained in the flow velocity range of 0 to 50 m/s under the low background pressure,
although the duration is shortened when the background pressure is increased to 23
bar. In these experiments the spark charging duration and boosted current duration
are controlled separately. The commanded boosted current duration is 2 ms which can
be increased on demand. This comparison suggests that the boosted current strategy
is beneficial for maintaining the discharge duration under flow conditions, especially
when the background pressure is comparatively low.

The restrike numbers are plotted in the bottom plot of Figure 7. Corresponding to the
shortened spark duration under flow conditions, there are also more frequent restrikes
under flow conditions. Under low background pressure of 1 bar, the restrike numbers
of the baseline low current discharge is strongly related to the flow velocity, an almost
linear trend of increase is observed when the velocity is increasing from 10 m/s to 45
m/s. In contrast, there are no restrikes for boosted current discharge under 1 bar back-
ground pressure when the velocity is increasing up to 50 m/s. Under a higher back-
ground pressure of 23 bar, restrikes are observed with both the baseline and the
boosted current discharge. The restrike number of the boosted current discharge is
still lower compared to the baseline, but the difference is not as significant as in the
low-pressure cases.

The restrike numbers under 23 bar background pressure is substantially lower than
the restrike numbers when the low background pressure of 1 bar is used. To better
explain this, the spark plasma lengths under different flow velocity are plotted in Figure
8 to show the history of the stretching and restrike of the plasma under 23 bar back-
ground pressure. It can be seen that the main reason for the reduced restrike number
is probably due to the shortened discharge duration. Under a higher background pres-
sure, a higher voltage is required to form the plasma channel so that the energy con-
sumption is faster, and the duration is shorter. Within the shortened discharge duration,
the restrike numbers are decreased. Overall the boosted current discharge can be
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stretched longer. In addition, the boosted current discharge can be stretched to a sim-
ilar length after restriking, in contrast to the baseline case where initially the plasma
can be stretched long, but the similar length cannot be reached after the restrikes.

The two extreme background pressure cases are compared

to show the spark dis-

charge under flow conditions in a detailed manner. Then two medium background

pressure conditions are selected to demonstrate the general

trend of flow effects on

spark process as shown in Figure 9. The flow velocity is in the similar range of 50-55
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Figure 7: Effect of background pressure on discharge duration and restrike number
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Figure 9: Effect of boosted current on the spark plasma length

m/s with a background pressure of 6 bar and 11 bar respectively. Under both back-
ground pressure conditions, the boosted current spark discharge is able to maintain
longer stretched spark plasma channels and longer spark durations.

3.2 Improvement of ignition flame kernel development in high-speed flow

3.2.1 High energy plasma vs. long glow on single-pole spark plug

Combustion tests are carried out in the constant volume combustion chamber to in-
vestigate the impacts of different spark discharge on the ignition process under flow
conditions. Three ignition strategies are used as shown in Figure 10. The three strate-
gies include a low current discharge (80 mA) but with a long discharge duration (~13
ms); a boosted current discharge (~200 mA) with a shorter discharge duration (~3 ms);
and a capacitor discharge with an extremely high transient current (~800 A) in a very
short discharge duration (~15 ps). The background gas in these tests are stoichio-
metric methane-air mixture with CO2 dilution of 8% volume ratio. The background pres-
sure is 4 bar absolute pressure. The gas flow velocity is controlled at about 30 m/s.
The flowing gas is with the same composition as the background gas.

The flame kernel development of the three spark strategies is recorded by the high-
speed shadowgraph imaging system and the images are shown in Figure 11. The
flame kernel is initiated at the spark gap and keeping attached to the spark plug during
the discharge period. The dual coil discharge has the longest discharge duration of
about 13 ms, so that an attached flame kernel is observed 10 ms after the break-down.
The capacitor discharge is initiated with a very bright spark. The transient high current
discharge release high energy in a very short period of time and a “micro explosion” is
observed. This high transient energy generates a larger flame kernel compared to the
previous two spark discharge strategies, as can be seen from the images recorded at
0.6 ms after breakdown.

However, due to the very limited duration, this initial advance is not carried to the later
phase of flame kernel development. The flame areas of the three tests are shown in
Figure 12. The results from these three tests suggest that both the discharge current
level and discharge duration are important factors in the flame kernel develop ment
under flow conditions. The flame kernel development is impaired when the spark cur-
rent is too low or the discharge duration is too short.

10
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Figure 10: Voltage and current waveforms for dual-coil, boosted-current, and high en-
ergy capacitor discharge methods
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Figure 11: Comparison of the flame kernel images for different ignition strategies

11
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3.2.2 Single-pole vs. Multi-core

In addition to the modulation of the spark discharge current and duration of a conven-
tional spark ignition system, a patented three-core ignition system is used to increase
the spark volume. The three-core configuration can increase the ignition volume to
three times of the conventional ignition system. Moreover, the multiple ignition sites
can also increase the tolerance of the ignition system to the variation in the stochastic
in-cylinder charge conditions.

The combustion tests using the conventional spark ignition system and the patented
three-core ignition system are performed in the same constant volume combustion
chamber. The methane-air mixture with an excess air ratio of 1.6 is used as both the
background gas and the flowing gas. The velocity is controlled at about 30 m/s and the
background pressure is 4 bar absolute pressure. The discharge current and voltage
waveforms of the two discharge processes are shown in Figure 13. The commanded
duration for both spark systems are 3 ms. The discharge duration of the conventional
spark system is about 0.7 ms. However, the discharge durations of each pole of the
three-core spark plug are not the same, varying from 1 ms to 2.2 ms. This variation is
because of the different flow conditions at the location of each pole.

The shadowgraph images of the combustion process are shown in Figure 14. The
three-core spark plug has significantly larger flame kernel compared to the single pole
spark plug. The flame kernel form the single-pole spark plug is small and the flame
propagation is largely affected by the flow conditions. The flame survives in areas

behind the spark plug due to the lower flow velocity. In this case, higher
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Figure 13: Discharge waveforms of single-core and three-core sparkplug
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Variations are expected compared to the three-pole case where a larger flame kernel
survives even in the pathway of the gas flow.

The three-core technology can also be combined with various ignition strategies men-
tioned in section 3.2.1, therefore, triple the amount of energy wants to be transferred
into the combustion chamber to help establishing the flame kernel. Figure 15 and figure
16 demonstrate two cases applying boosted current strategy and high-energy capaci-
tor discharge strategy to all three spark gaps, respectively. Detailed investigation still
needs to be done to pin point the effectiveness of these strategies

Breakdown 0.6 ms 2.6 ms 6.1 ms 11.3 ms

Single-pole

Multi-core

Methane-air mixture initial conditions: 4 bar pressure, 25 °C temperature; lambda 1.6; CO,: 0%; Flow
speed: ~30m/s.

Figure 14: Flame kernel images of single pole and multi-core strategy

Breakdown 0.6 ms 2.6 ms 6.1 ms 11.3 ms

Single-pole

Multi-core

Methane-air mixture initial conditions: 4 bar pressure, 25 °C temperature; lambda 1.6; CO,: 0%; Flow
speed: ~30m/s.

Figure 15: Boosted current strategy via single pole and multi-core sparkplug

Breakdown 0.6 ms 2.6 ms 6.1 ms 11.3 ms

Single-pole

Multi-core

Methane-air mixture initial conditions: 4 bar pressure, 25 °C temperature; lambda 1.6; CO»: 0%; Flow
speed: ~30m/s.

Figure 16: High energy strategy via single pole and multi-core sparkplug

13
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under different energy level as well as background conditions (cross flow speed, pres-
sure, temperature), but the figures shows a clear advantage when energy delivery
amount is tripled. When in-cylinder air movement is intense, the size of the initial flame
kernel is essential for flame to propagate. The three flame kernels generated by the
three independent spark gaps can merge with each other and form a flame kernel in
larger, therefore, shorten the transition period from initial flame kernel to a self-sus-
tained flame kernel.

3.3 Effect of advanced ignition strategies on lean/diluted gasoline
combustion — evaluation on single-cylinder research engine

3.3.1 Effect of boosted current on lean-burn engine control

The boosted current ignition device can generate a strong spark channel with a current
level up to 500 mA and an extended glow duration up to 10 ms. The current boosting
command is triggered by the falling edge of the ignition coil charging control signal.
The current level is adjusted by the regulation of the voltage applied onto the spark
gap after the breakdown. To understand the effect of the current level on the lean burn
operation, tests were conducted with different sparking current profiles. The parameter
settings of different ignition strategies are given in table 4. The engine was operated
atlambda 1.4. Five different ignition strategies were tested. The strategy 1 and strategy
2 utilize conventional ignition energy control methods. The rest ones are boosted cur-
rent ignition strategies with the current level changing from 200 mA to 500 mA. The
current waveforms of the five different ignition strategies are given in figure 17.

Spark timing sweep tests are conducted for all five ignition strategies under same en-
gine operating conditions. The engine IMEP, COV of IMEP, and the misfire rates during
the spark timing sweep tests are shown in figure 18. It is observed that the boosted
current is able to obtain higher IMEP and lower cycle to cycle variation. The 500 mA
boosted current case has stronger ability to stabilize the combustion process consist-
ently compared with the 200 mA case. It is obvious that the impacts of boosted current
on the combustion phasing is more significant when the spark timing is between
305 °CA ~315 °CA. The ignition delay and the CA50 under different spark timing are
shown in figure 19. The boosted current ignition strategy can reduce the ignition delay
and improve the controllability over the CA50.

Table 4. Test conditions for baseline and boosted current ignition strategies

Peak Charging Current boost Spark plug
current (mA) duration (ms)
Strategy 1 30 mA
Strategy 2 100 mA
Strategy 3 200 mA
Strategy 4 500 mA
Strategy 5 500 mA

NA Stock Iridium
NA Stock Iridium
2ms @ 200 mA  Stock Iridium
2ms @ 500 mA Stock Iridium
2ms @ 500 mA Stock Iridium

GAANDNON
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Figure 17. Current waveforms for various ignition strategies
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Figure 19: Effect of boosted current ignition strategies on ignition delay and CA50
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3.3.2 Effect of multi-core on lean-burn control

Previous investigations indicate that the three-core ignition can improve the lean-burn
gasoline combustion thus achieve fuel efficiency gain because of the extension of lean
limits. The three-core ignition can improve the combustion phasing control for the low
load ultra-lean operation. The results were collected at the compression ratio of 13:1.
Because of the high compression ratio, the engine load was limited up to 6 bar IMEP
because of the severe knocking. The newer results were collected from the single-
cylinder engine with a lowered compression ratio of 9.2:1. The engine load was
extended to 10 bar IMEP. Test results of the spark timing sweep with lambda 1.5 and
1.66 are given in figure 20. At lambda 1.5, the three-core behaves very similar to the
single-pole baseline ignition, while the difference was much bigger at lambda 1.66.
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With the spark timing advanced, the baseline single-pole ignition cannot maintian the
target IMEP. Severe cyclic variations are also observed. Cylinder pressure and heat
release rate curves of example cases at spark timing of -40 °CA ATDC are shown in
figure 21. The three-core ignition can noticeably advance the heat release rate thereby
leading to higher cylinder pressure, for both lambda 1.5 and 1.66 cases.
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Figure 20: Effect of three-core ignition strategies on lean burn engine stability
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Figure 21: Effect of three-core ignition strategies on cylinder pressure and heat re-
lease rate

The combustion and emissions parameters for lean burn operation are given in figure
22, comparing the effects of three-core ignition and single-pole baseline ignition strat-
egies. The three-core ignition exhibits better controllability over the CA50 for both
lambda 1.5 and 1.66 cases. The standard deviation of CA50 is also improved by the
three-core ignition. When the spark timing is advanced under the lean burn condition,
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the engine is achieving maximum IMEP without knocking. Therefore, an increasing
trend of the indicated thermal efficiency is observed, except for the baseline ignition at
lambda 1.66. The three-core ignition leads to a higher level of NOx emissions that
means a stronger combustion, compared with the baseline single-pole ignition strat-
egy. The HC and CO emissions are reduced by the three-core ignition, which suggests
improved combustion efficiency of the lean-burn operation.
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Figure 22: Effect of three-core ignition strategies on combustion and emissions of
lean burn

3.3.3 Comparison between multi-core and multi-coil single-pole ignition strategies

The three-core igniter uses three independent ignition coils for ignition energy distribu-
tion control. The output of the three ignition coils can also be bundled together to deliver
the ignition energy to single spark gap. Bundling the output of the three coils can sig-
nificantly enhance the spark current of the single-pole iridium spark plug. Three spark
discharge cases are compared in figure 23. Case 1 uses the three-core igniter with
each pole energized by one of the three independent ignition coils. The peak spark
current in case 1 is about 50 mA. Case 2 uses the reference iridium spark plug con-
necting to one of the ignition coils. A peak current of about 110mA is achieved for case
2. Case 3 discharge three coils simultaneously onto the single-pole iridium spark plug,
producing a peak spark current of about 280 mA. The charging duration for case 2 and
case 3 are kept the same, meaning that the stored energy in the primary winding of
the ignition coils for case 3 should be about 3 times of that for case 2. Case 1 uses a
charging duration shorter than those for case 2 and case 3.
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Figure 23: Spark current waveforms for three-core and 3-coil ignition strategies
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Figure 24: Effect of three-core strategy on lean burn engine stability
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Figure 25: Effect of three-core strategy on cylinder pressure and heat release rate
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Experiments are conducted to evaluate the three ignition strategies given in figure 23
for lambda of 1.0, 1.4, and 1.7. The engine IMEP and the COV of IMEP against the
spark timing are plotted in figure 24. For engine operations with near stoichiometric
and moderate lean mixtures, the ignition behaviors are very similar for different ignition
strategies. For the very lean mixture with A of about 1.7, the three-core ignition energy
distribution strategy exhibits lower COV of IMEP, shorter ignition delay and less varying
CA50. The cylinder pressure and heat release rate for the three ignition strategies at
different lambda are given in figure 25. The enhancement of spark current by bundling
the outputs of three coils does improve the ignition for the single-pole sparkplug,
whereas the benefits are less prominent than that of using three-core igniter with a
lower peak current for each spark.

3.3.4 Comparison between multi-core and boosted current single-pole strategies

Three ignition strategies are compared at 10 bar IMEP with lambda 1.5 and 1.66.
The parameter settings of three ignition strategies are given in table 5. The purpose of
this test is to compare the effect of the boosted current single-pole strategy with the
three-core ignition strategy for lean-burn combustion control. The baseline ignition
strategy generates a spark with a peak current of 100 mA. The boosted current strat-
egy supplies a 2 ms pulse with 500 mA over the baseline spark. For the three-core
ignition strategy, each of the poles has a discharge current level the same as that of
the baseline ignition strategy. Spark timing sweep experiments are performed for each
ignition strategy at lambda 1.5 and 1.66 respectively. The engine load target is 10 bar
IMEP.

The combustion parameters are compared in figure 26 for the different ignition strate-
gies. During the spark timing sweep, the three-core performs the best among the three
ignition strategies, in terms of the combustion phasing control sensitivity and the en-
gine stability. The boosted current strategy can also improve the lean-burn combustion
control, but the effect is less prominent compared with the three-core ignition strategy
under the selected test conditions. The cylinder pressure and the heat release rate
curves are compared in figure 27. The spark timing is set at -40 °CA ATDC for the
three cases and the lambda was 1.66. For the same spark timing, the three-core igni-
tion generates the earliest heat release and the highest cylinder pressure. On the scat-
tering plot of IMEP vs CA50 (figure 28), the three-core ignition exhibits the earliest
CA50 and the least scattering of both IMEP and CA50, compared to the boosted-cur-
rent and the baseline ignition strategies.

Table 5: Test conditions for baseline, boosted current and three-core comparison

Peak Charging Current boost Energy to sparkplug  Spark plug
current (mA)  duration (ms) (mlJ)
Baseline 100 mA 5 NA 150 mJ Stock Iridium
Boosted current 500 mA 5 2ms @ 500mA  ~21] Stock Iridium
three-core 100 mA 5 NA 450 mJ Three-core
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Figure 26: Combustion parameters for the various ignition strategies

P_int. : 2.2 bar; 1300 rpm; CR: 9.2 :1

IMEP (bar)

Target IMEP: 10 bar; A =1.66;
Spark timing: -40 °CA ATDC
P_int. : 2.2 bar; 1300 rpm; CR: 9.2 :1

60

a
o

N
o

N
o

Cylinder pressure (bar)
w
o

-
o

0

————— Baseline
- - - Boosted Cuyrent

1 150
130
110

HRR (J°CA)

-60 -40

20 0 20 40 60 80

Crank Angle (°CA ATDC)
Figure 27: Cylinder pressure and HRR for various ignition strategies
Target IMEP: 10 bar; A =1.66; Spark timing: -40 °CA ATDC

14 -
o Baseline
+ Boosted Current
12 s 3 pole
10 | it
o
8 r S,
3.
oo @°
6 | *® %
o o
4 1 1 1 1 1 1 |+ 9

0 5 10 15 20 25 30 35 40

CA 50 (°CA ATDC)

IMEP cylice #n (bar)

14

-
N

-
o

[e¢]

(o]

4

o Baseline
+Boosted Current
r s 3 pole

4 6 8 10 12
IMEP cycle #n-1 (bar)

14

Figure 28: IMEP scattering plots for various ignition strategies

20



1.1 Spark-based Advanced Ignition Control for Future Diluted Gasoline Engines

3.4 Evaluation of multi-core ignition on multiple-cylinder production engine
under high dilution

Comparison tests have been conducted on a production gasoline engine for the three-
core igniter and the original single-pole spark plug. The comparison comprises a base-
line test with the production ignition system and a repeat test with a three-core igniter
installed in cylinder 1 under the same test conditions. In both tests, the engine runs at
1500 rpm and 2.62 bar BMEP, the Ford World Wide Mapping Point (WWMP); cam
timing retard is employed to increase the trapped exhaust gas and thus to achieve
higher internal EGR dilution. The retarded cam timing and diluted combustion can im-
prove the engine fuel economy at the tested engine speed/load conditions. As the di-
lution gradually increases, an overall trend of reduced BSFC is observed with the great-
est improvement reaching ~5%. However, the BSFC trended to decrease at the high-
est dilution level when the cam retard is set to 50 degrees. The primary cause is the
late combustion phasing and incomplete combustion. A large portion of the fuel con-
sumption improvement comes from the reduction of pumping loss. At a constant en-
gine load of 2.62 bar BMEP, the engine MAP increases; therefore, the reduced vac-
uum in the intake manifold ultimately results in less pumping work. Since the engine
runs at a better brake efficiency, it requires less air and fuel to achieve 2.62 bar BMEP.
As the cam phasing retarded, the ISFC remains nearly unchanged until the cam retard
approaches 45 and 50 degrees. Combustion phasing and combustion duration of
three-core and the baseline ignition strategies are compared in figure 29. As can be
seen, the 3-core ignition can shorten the combustion duration and move forward the
combustion phasing, with the same spark timing of the baseline single-pole ignition. In
figure 30, comparisons of the cylinder pressure and the mass fraction burnt are made
between three-core igniter and the baseline spark plug, for the low and high dilution
cases respectively. In both cases, three-core igniter leads to an earlier start of com-
bustion and a faster burn rate. The three-core igniter results in a higher peak cylinder
pressure compared with the baseline spark plug with the same spark timing. The dif-
ference is more noticeable for the high dilution level associated with the large VCT
retard angle.
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Figure 29: Effect of three-core ignition strategies on burning duration and combustion
phasing
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Figure 30: Effect of three-core ignition strategies on the cylinder pressure and MFB
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Figure 31~32 indicate the variability of the IMEP of cycle #1. The COV, LNV, and Std
of IMEP at the low dilution level has marginal change between the tests with the three-
core igniter and the baseline spark plug. At the high dilution level, the three-core igniter
decreases the COV and the Std of IMEP, while the LNV of IMEP is increased slightly.
For a given combustion system, the ISFC of a gasoline engine combustion cycle is
affected by the phasing, duration and completeness of the combustion process. At a
low dilution level, the three-core igniter has insignificant impact on the ISFC, because
of the favorable mixture for a fast ignition, flame propagation and complete combustion
in relatively short periods. However, at the high dilution level, the three-core igniter
improves the combustion phasing more prominently, thereby reducing the ISFC com-
pared with the baseline ignition. The use of three-core igniter leads to a reduction of
2.5% in ISFC at the high dilution level, compared with the baseline spark plug ignition.
The ultimate benefit of using the three-core igniter on the multiple cylinders remains in
the future work.
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Conclusions

Ignition technologies with enhanced ignition capability including discharge energy pro-
filing as well as multi-core ignition system are introduced in this paper, and their effects
on ignition improvements are investigated on both constant volume combustion ves-
sels and research engines. Conclusions can be drawn as below.

(1)  Under flow condition, boosted discharge current can significantly increase the
length of the plasma channel, and reduce the frequency of the blow-off event.

(2)  Alonger glow phase, boosted discharge current, and transient high ignition en-
ergy can all enhance the ignition ability of the plasma channel; the boosted discharge
current strategy appears to be most effective under CO:2 diluted conditions through test
on the constant volume combustion chamber.

(3)  Engine test results show that the ignition technologies are most effective when
intake charge is at the boundary of lean/dilution limit; single cylinder engine test under
10 bar IMEP shows a indicated thermal efficiency improvement of 6% when engine is
running under 1.66 using three-core ignition system; while ISFC is improved by 5% on
a Ford multi-cylinder engine at 2.6 bar IMEP, 1500 rpm when using a multi-core ignition
system under high EGR dilution condition.
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6 Definitions/Abbreviations
EGR | Exhaust Gas Recirculation
Sl Spark Ignition
CA Crank Angle
MFB | Mass Fraction Burnt
CA5 | Crank Angle of 5% MFB
CA50 | Crank Angle of 50% MFB
TDC | Top Dead Center
ATDC | After Top Dead Center
BTDC | Before Top Dead Center
CO2 | Carbon Dioxide
CHa4 Methane
AWG | American Wire Gauge
IGBT | Insulated Gate Bipolar Transistor
FPGA | Field Programmable Gate Array
IMEP | Indicated Mean Effective Pressure
ts% Time to 5% mass burn fraction
ts0% Time to 50% mass burn fraction
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