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Abstract: Oscillating plasma (corona) ignition is a promising technique for producing a larger initial
ignition volume for achieving cleaner combustion. The oscillating plasma system provides a quick response
to the ignition command compared with the conventional transistor-coil-ignition systems (TCI).
Subsequently, the shorter combustion duration contributes to further improvement of engine efficiency
under lean/diluted conditions. The challenges of oscillating plasma ignition appear under elevated
background pressures, mostly owing to fewer plasma streamers and even void discharge, thus the advantage
of oscillating plasma discharge over spark discharge is compromised. To suffice the industrial applications,
the challenges of plasma generation and control platforms are investigated and discussed in this work. The
challenges include ignition control, background condition impacts, and other external disturbances. A
flexible modulation for oscillating plasma generation is established, with the measurements of discharge
voltage and current. High-speed imaging, simultaneous with electrical waveform measurements is applied
to record the plasma formation and flame propagation. This research provides advances in the ignition
control for the oscillating plasma discharge, adding a foundation and reference for the oscillating plasma
diagnostics under engine-like conditions with variations of pressure, temperature, gas composition, and flow
pattern.
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1. Introduction

The internal combustion (IC) engine has been the primary power source for automotive applications,
and will continuously power the majority of automotive vehicles including hybrids, in the foreseeable
future [1-4]. The greenhouse gas (GHG) emission challenge can only be met optimally with an appropriate
technology mix, such as electrical energy, hydrogen or E-fuels, and renewable fuels, adapted to each
respective application [S]. To achieve such high efficiencies, lean-burn and exhaust gas recirculation
(EGR) diluted combustion technologies need to be adopted to reduce pumping loss under partial load,
mitigate knocking events to achieve preferable combustion phasing under high engine load, and reduce
heat transfer loss because of the low-temperature combustion [6]. However, ignition difficulty and slow
flame propagation speed become the major challenges because of the much lower chemical reactivity of the
air-fuel mixtures [7,8]. In this context, advanced ignition technologies based on non-equilibrium plasma
discharge become important because they show great potential in combustion, emission control as well as
fuel reforming [9].

Radio frequency (RF) oscillating plasma (Corona), dielectric barrier discharge, nanosecond discharge,
gliding arc, and microwave have higher electron temperatures [10], and they are more kinetically active
owing to the rapid production of active radicals and excited species via electron impact dissociation,
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excitation, and subsequent energy relaxation [11,12]. The enhancement of ignition using non-equilibrium
plasma can be achieved in three aspects. First, the branched plasma streamers have the potential to increase
the size of the flame kernel and ignition volume [13]. Second, the high electron energy of the non-equilibrium
plasma promotes ion chemistry and generates active radicals and small molecule fuel fragments [9], which
has benefits on the ignition process. The residence time of OH is typically below 100 ps, as observed in the
nanosecond non-equilibrium plasma ignition experiments conducted by Wu [14], and repetitive discharge is
often used for nanosecond pulsed non-equilibrium plasma ignition [15]. In comparison, the RF oscillating
plasma ignition can continuously produce non-equilibrium plasma in milliseconds duration to compensate for
the decay of previously formed radicals until the success of ignition [16]. Third, as the effect of an electric
field on flame propagation has been extensively reported in the past, post-ignition flame propagation can be
accelerated due to the ionic wind effect near the ignitor [17].

Oscillating plasma discharge shows promises for the stable and successful ignition of lean and diluted
mixtures. As shown in Figure 1, without the ground electrode, the streamers released from the plasma antenna
can stretch beyond the size of the conventional spark gap and establish a much bigger ignition volume. The
high frequency oscillating electric field generated at the tip of the antenna can force distortion on the flame
front. The enhancement of the burning rate and acceleration of the flame kernel growth is contributed by the
flame front wrinkles in the shadowgraph image [18].
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Figure 1. Plasma and conventional spark discharge and relevant flame kernel formation in shadowgraph images
(adapted with permission from Yu et al. [19]).

Under engine conditions, the shorter combustion duration contributes to further improvement of
engine efficiency under lean/diluted conditions. The oscillating plasma system provides a quick response
to the ignition command in microsecond order, compared with millisecond order for a conventional
transistor-coil-ignition system (TCI). The system can also continuously deliver ignition energy according
to engine demands [10]. Another unique feature of the RF plasma ignition technology is that the
combustion chamber, with the working fluid forming a virtual capacitor, is a part of the resonant
electrical circuit. This allows potential diagnosis of the flame kernel growth process using the ignition
hardware. It is also possible and advantageous to implement electrification near the ignitor to accelerate
the flame kernel.

However, as the ground electrode is absent from the plasma antenna, the plasma ignition is susceptible
to the surrounding conditions, because the dielectric medium around the plasma antenna becomes a part of
the electrical circuit during energy release. An illustrative structural scheme of a basic plasma ignition system
is shown in Figure 2. Under engine conditions, the rapid change of in-cylinder pressure and temperature
produces a complicated background condition, which challenges a stable plasma discharge [20,21]. At the top
dead center (TDC) of engine operation, the distance between the plasma and the surface of the piston is
greatly shortened, which can trigger unwanted arc discharge [22,23]. Contamination of the plasma antenna
and its ceramic insulator can lead to surface discharge or direct arc to the metal shell of the plasma
igniter [23—25]. Therefore, to ensure robust and reliable plasma discharge, it is essential to understand the
discharge mechanism and operational boundaries of the oscillating plasma discharge process [18].
Furthermore, in order to suffice the industrial applications, it is valuable and necessary to discuss the
challenges existing in plasma generation and control platforms.
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In this work, an advanced oscillating plasma discharge control system is proposed, with the discharge process
characterized by electrical waveform measurements of the voltage and current. Subsequently, the challenges of
plasma discharge under engine-like conditions are discussed in detail. Elevated background pressure can significantly
affect the RF oscillating plasma discharge, in terms of fewer streamer numbers and smaller size, which will
compromise its advantage over a spark event. The electrical waveforms with the simultaneous high-speed imaging of
the visualized plasma streamers and flame propagation present a deeper understanding of the oscillating plasma
discharge and ignition. This research adds references for plasma ignition and diagnostics under engine-like
conditions with variations in pressure, temperature, gas composition, and flow pattern.

External effects: \ Combustion
Plasma * Piston movement \ chamber
Oscillating plasma antenna ¢ Pressure
discharge control system ¢ Temperature '
- *  Gas composition
Pulse train L \\ *  Established/void/
command power E— M arc discharge
DC power | drive e ) /
supply
Ground

Figure 2. Basic structural scheme of an oscillating plasma ignition system.

2. RF Oscillating Plasma Discharge and Control System

An in-house built RF oscillating plasma discharge control system has been used to generate oscillating plasma
discharge with adjustable discharge frequency, voltage, and duration [16,22]. The system consists of a single-
electrode igniter, a resonator coil, an RF transformer, and power drive electronics. The high-frequency (800 kHz—2.6
MHz) pulse train is generated by a function generator (Agilent 33220A) and should be consistent with the RLC
electrical resonance frequency of the ignition system to achieve the highest discharge voltage at the tip of the ignitor.
The control command (for discharge duration and frequency control) is generated via an RT-FPGA, i.e., real-time
field-programmable gate array. The voltage supply on the primary side is kept consistent in this paper as 60 V. The
discharge current and voltage are measured with a Pearson 411 current probe and Tektronix P6015 high voltage
probe, respectively. The simplified diagram of the in-house built RF oscillating plasma control system and the
electrical waveforms using the logarithmic scale are presented in Figure 3 [16].
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Figure 3. Experimental circuit and electrical waveforms of the oscillating plasma ignition system [16].
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3. Challenges of Plasma Discharge under Engine Conditions

As shown in Figure 2, a typical plasma discharge system consists of a direct current (DC) power supply, a
power drive, and a plasma antenna. A pulsed-train command with a favorable oscillating frequency is applied to
stimulate the plasma power drive, aiming to generate a high voltage at the plasma antenna. Unlike conventional
spark plugs utilizing a ground electrode to guide the direction of the plasma channel, the plasma ignition system
releases the plasma streamers by ionizing the gaseous media around the antenna [26]. The ionized surrounding
media becomes a part of the discharging circuit, and plasma discharge is thus affected by the changes in
background conditions [27,28]. Figure 4 lists potential factors that may affect the plasma discharge. These factors
include ignition control, background conditions, and external disturbances.

Oscillating Plasma Discharge
|
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* Supply voltage « In-cylinder temperature * Moving piston
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Figure 4. Impacts on oscillating plasma discharge under engine-like conditions.

3.1. Challenges of Ignition Control

The oscillating frequency of the power drive can be adjusted by a pulse train command. However, the
oscillating frequency needs to match the optimal working frequency of a system (resistor-inductor-capacitor
(RLC) electrical resonance frequency) for plasma discharge. The optimal working frequency is determined by
the hardware setup [29]. Figure 5 shows waveforms of discharge voltage and current with the impact of
oscillating frequency on energy and discharge voltage.
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Figure 5. Voltage and current measurements in the time domain (a), discharge energy, and peak voltage in the
frequency domain (b) (adapted with permission from Yu et al. [19]).

Under the time domain, during the plasma oscillation, the amplitudes of discharge voltage and current
waveforms increase initially until reaching the peak values. In order to sustain the plasma discharge, the
amplitudes decrease and stabilize subsequently. As shown in Figure 5b, the oscillating frequency needs to be
modulated within a narrow bandwidth (~0.03 MHz) to generate sufficient discharge voltage to establish a
plasma discharge. Discharging bandwidth is affected by background conditions and disturbances. Under
engine conditions, elevated cylinder pressure can suppress the plasma discharge event, and the discharging
bandwidth is narrowed consequently [24]. Thus, the strict requirements of oscillating frequency modulation
demand control systems with high accuracy and fast response.
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The peak discharge voltage is determined by the DC power supply voltage, which needs to be controlled
within a strict range to establish plasma discharge. For instance, under the experimental setup in this work,
the DC power supply voltage lower than 30 V is not sufficient to generate plasma discharge; however, a
supply voltage higher than 80V will trigger an unwanted arc discharge.

Since plasma discharge relies on the initial ionization of the gas media in the vicinity of the plasma antenna, the
electric field gradient is thus an important parameter affecting the plasma discharge event [24,28]. Under similar
discharge voltage, the electric field gradient is influenced by the geometry of the antenna tip. Empirical results
indicate that the plasma is easy to discharge from the antenna with a sharper tip. The wear and erosion of the antenna
will degrade the electric field gradient, leading to void discharge even under the same discharge voltage.

3.2. Impacts of Background Conditions

The direct images in Figure 6 show the oscillating plasma discharge in Nitrogen under various
background pressures [16]. Theoretically, the oscillating plasma discharge under vacuum conditions tends to
generate relatively homogeneous plasma. It can be observed that a diffusive plasma discharge exists under
0.1 bar absolute pressure, but transits to streamer discharge under 1 bar. Under higher background pressure,
the mean free path of the particles is decreased, and the collision frequency increases. The plasma streamer
length is shortened from approximately 22 mm to 2 mm, as the background pressure further increases from
1 bar to 5 bar. Thus, the advantage of oscillating plasma discharge over spark discharge is compromised
under higher background pressure.
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Figure 6. Oscillating plasma discharge under elevated pressure conditions [16].

Figure 7 demonstrates the background pressure impact on the oscillating plasma discharge and flame
kernel formation. Overall, compared with the conventional spark ignition shown in Figure 1, the plasma
discharge can generate a bigger initial flame kernel with more wrinkles at the flame front. It is noticed that
under elevated background pressure, both the size and number of the streamers decrease, resulting in a
smaller initial flame kernel. The elevated pressure results in the volume shrinkage of the initial flame kernel
area. However, small but dense flame kernels are formed along the streamers, which further contribute to the
dense flame front wrinkles and more intensified successful ignition sites.

Background pressure
90 kPa 1 bar abs. 3 bar abs. 5 bar abs.

0.2 ms

Flame propagation process
N
8
@

Methane-air mixture.=1.6;
Oscillatingplasma ignition: disch duration 500us; dischargeenergy: 300~600mJ

Figure 7. Shadowgraph imaging of flame kernel development initiated by oscillating plasma under a pressurized mixture.
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The background gas composition and pressure often lead to different ionization coefficients, attachment
coefficients, and the mobility status of the space charges [30,31]. Thus, it is important to investigate the
influence of background gas ionization and pressure on the plasma discharge. A higher background temperature
enhances the kinetic energy of the air molecules, which benefits the plasma discharge. The minimum voltage
required for plasma discharge decreases with the increase in the background temperature [32].

The impact of the flow pattern on plasma discharge is less understood, but preliminary research in the authors’
work suggests a marginal impact of flow speed on plasma discharge. Considering the plasma discharge with an
oscillating frequency of approximately 2 MHz, the building-up process is normally within microseconds. With cross
flow speed of 30 m/s, which is considered a high in-cylinder flow motion, the moving distance within each
oscillation cycle is around tens of micrometers. Because the size of normal plasma discharge is around 5—10 mm
even under elevated background pressure conditions, the air movement is negligible.

3.3. Impacts of Other External Disturbances

Because of the absence of the ground electrode, the distribution of the electric field close to the antenna tip
can be easily distorted by external disturbances. A touchdown of the plasma streamers to the ground is recognized
as an arc discharge. The approach of a piston during spark event near engine compression TDC, or combustion
chamber geometry can significantly increase the arcing tendency. Once the unwanted arc discharge takes place,
the electric field around it changes rapidly and collapses, and a strong current surge can be noticed on the
discharge waveform. The current surge during the arc discharge can generate heat, hence accelerating the wear of
the antenna tip [23]. The discharge voltage waveforms of three typical oscillating plasma discharge events are
plotted in Figure § including the void discharge, established discharge, and arc discharge.
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Figure 8. The comparison of the measured discharge voltage of void, established, and arc discharge events (adapted
with permission from Wang et al. [22]).

The black dash lines shown in Figure 8 indicate the amplitude of the voltage waveforms. When the
command pulse train is sent to the plasma power drive, the oscillation begins in the plasma ignition system.
The discharge voltage keeps increasing until it reaches the peak value. When the plasma fails to release from
the antenna, the voltage amplitude stays relatively stable throughout the commanded duration. However, with
established plasma discharge, the waveform envelopes decline slightly and stabilize until the command ends.
In an arc discharge event, when the plasma streamers touch down to a metal surface, the discharge voltage
drops immediately from 6 kV to 2 kV.

Carbon deposits generated by incomplete combustion and unburned fuel droplets can attach to the
surface of the ceramic insulator. The degraded insulation leads to surface discharge and arc discharge, which
will compromise the ignition capability of the plasma streamers.

Therefore, a stable plasma discharge under engine conditions remains to be a challenge. Control models
and strategies that can predict normal and abnormal discharging events based on discharge waveforms will
enable the dynamic control of the plasma system. Therefore, plasma discharge characteristics need to be
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further investigated via electrical waveform measurements and analysis.

4. Conclusions

This study investigates and discusses the advances and challenges of oscillating plasma discharge for

clean combustion and industrial applications. The major conclusions are:

(1) The streamers released from the oscillating plasma antenna can stretch beyond the size of the
conventional spark gap and establish a much bigger ignition volume. The enhancement of the
burning rate and acceleration of the flame kernel growth is contributed by the flame front distortion
contributed by the high frequency oscillating electric field.

(2) The oscillating frequency needs to be modulated precisely within a narrow bandwidth (~0.03 MHz)
to achieve successful plasma discharge, which demands control systems with high accuracy and fast
response.

(3) Under elevated background pressure, both the size and number of the streamers decrease, resulting
in a smaller initial flame kernel. The plasma streamer length is shortened from approximately 22 mm
to 2 mm, as the background pressure increases from 1 bar to 5 bar absolute pressure.

(4) A stable plasma discharge under engine conditions remains to be a challenge. The external
disturbances, e.g., piston moving might cause unwanted arc discharge. More analysis and strategies
that can predict normal and abnormal discharging events will enable the dynamic control of the
oscillating plasma system.
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