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FIG 1

(57) Abstract: A system and method for detecting resonant frequency of a corona igniter concurrent with operation of the corona ig-
niter is provided. The method includes providing a plurality of pulses of energy to the corona igniter, each having a pulse duration
and spaced from one another by a deadtime duration during which no energy is provided to the corona igniter. Each pulse duration is
ceased before current flowing in the corona igniter crosses zero, and each zero crossing of the current occurs during one of the dead -
time durations. The next pulse of energy is provided to the corona igniter in response to the zero crossing of the current. A resonant
frequency value is then obtained based on a sum of the pulse and deadtime durations of two consecutive cycles, or the time between
zero crossings. The resonant frequency values become more accurate over time, and the drive frequency is adjusted accordingly.
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METHOD FOR RESONANT FREQUENCY DETECTION IN
CORONA IGNITION SYSTEMS
CROSS-REFERENCE TO RELATED APPLICATIONS

{0801} This U.S, patent application claims the benefit of U.8. provisional
patent application no, 61/915,088 {(Attorney Docket No. 710240-6793; 1A-30129), filed
Diecember 12, 2013; ULS. provisional patent applicstion no. 61/931,131 (Attorney Docket Ne.
TI240-6830; 1A-50134), filed January 24, 2014; U5, provisional patent application no.
61/950,981 {Attorney Docket No. 712040-6901; 14-50147), filed March 11, 2014, US.
provisional patent application no. 62/072,530 {Atorney Docket No., 710240-7346; 1A-31029-
11, filed October 30, 2014; and U.S, provisional patent application no. 62/080,096 {Attomey
Diocket No, 710240-7356; 1A-50359), Giled December 10, 2014, U.S. Utility Application No.
14/568,219 {Attorney Docket No, 710240-7404; 1A-50129 and 1A-30128-1), filed December
12, 2014, UK, Utlity Application No. 14/568,266 (Attorney Docket No. 710240-7409; 1A~
50147, filed December 12, 2014, ULS. Utility Application No. 14/568,330 {Attorey Docket
No. 710240-7410; 1A-50359), filed December 12, 2014, and UL8. Utility Application No.
14/568,438 {Attorney Docket No. 710240-7411; 1A-50134), filed December 12, 2014, and
the entire contents of each being incorporated herein by reference in their entirety.

BACKGROUND OF THE INVENTION
1. Field of the Invention

160021 This invention relates generally o 2 corona discharge ignition system,

and more particularly to methods for controlling energy supplied to the corona igniter system,
2. Related Art

{0063} Corona discharge ignition systems provide an alternating voltage and

corrent, reversing high and low potential electrodes in rapid succession which enhances the

formation of corona discharge and minimizes the opportunity for arc formation. The system
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includes 8 corona igniter with a central electrode charged to a high radio frequency voliags
potential and creating a strong radio frequency electric field in a combustion chamber. The
electric field causes a portion of a mixture of fuel and air in the combustion chamber o lonize
and begin dielectric breakdown, facilitating combustion of the fucl-air mixture, which is
referred to ag an ignition event. The ¢lectric field is preferably controlled so that the fuel-air
mixture maintaing dielectric properties and corona discharge occurs, also referred to a8 a non-
thermal plasma. The onized portion of the fuel-air mixture forms a flame front which then
becomes self-sustaining and combusts the remaining portion of the fuel-air mixture.
Preferably, the eleciric field is conirolled so that the fuel-air mixture does not Jose all
dielectric properties, which would create thermal plasma and an slectric are between the
electrode and grounded cylinder walls, piston, metal shell, or other portion of the igniter. An
example of a corona discharge ignition system is disclosed in U.S. Patent No. §,883,307 10
Freen

[6604] In addition, the corona discharge ignition system is preferably
controlled so that energy is provided to the corona igniter af a drive frequency equal or close
to the resonant frequency of the corona igniter. This provides a voltage amplification leading
to robust corona discharge in the combustion chamber. Accurately detecting the resonant
frequency of the corona igniter is necessary in order to achieve this high level of control.
Howaver, accurate detection of the resonant frequency it is difficult to achieve, especially at a
wide range of frequencies. Changes in the resonant frequency during operation, for example
due to arcing events, also make it difficult to acourately detect the resonant frequency.

SUMMARY OF THE INVENTION

{B008] One aspect of the invention provides an improved method for detecting

the resonant frequency of a corona igniter concurrent with operation of the corona igniterin a

corona ignition systemn.  The method includes providing a first pulse of energy to a corona

13
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igniter at a positive voltage for a first pulse duration causing causes current io flow in the
corona igniter; and ceasing the first pulse duration before the current flowing in the corona
igniter crosses through zero, A first deadtime duration occurs immediately upon cessing the
first pulse duration, and no energy is provided to the corona igniter during the first deadtime
duration. The method further includes detecting when the current flowing in the corona
igniter crosses through zero during the first deadtime duration; and providing a second pulse
of energy to the corona igniter at a negative voltage for a second pulse duration in response to
the zero crossing of the current to cease the first deadtime duration. The method then
includes ceasing the second pulse duration before the current crosses through zero. A second
deadtime duration occurs immediately upon ceasing the second pulse duration, and no energy
is provided to the corons igniter during the second deadtime duration. The methed further
includes detecting when the current flowing in the corona igniter crosses through zero during
the second deadtime duration: and providing 2 third pulse of encrgy to the corona ignilerat a
positive voltage in response to the zero crossing of the current fo cease the second deadtime
duration. The method then includes obiaining a frst resonant frequency value based ona
sum of the first pulse duration, the first deadtime duration, the second pulse duration, and the
second deadtime duration.

REHELY Another aspect of the invention provides a method for detecting the
resonant frequency of a cotona igniter in a corona ignition system, comprising the steps of!
providing a first pulse of energy to a corona igniter at a positive voltage causing causes
current to flow in the corona igniter; ceasing the first pulse before the current flowing in the
corona igniter crosses through zero and providing no energy to the corona igniter for a first
deadtime duration immediately upon ceasing the first pulse of energy,; and obtaining a first

zere crossing duration, wherein the first zero crossing duration begins at the start of the first
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pulse of energy and ends at the first zero crossing. The methed further includes obtaming a
first resonant frequency value by doubling the first zero crossing duration.

j8087} Another aspect of the invention provides a method for detecting the
resonant frequency of a corona igniter in a corona ignition system, comprising the steps oft
providing a first pulse of energy to 8 corona igniter at a positive voltage causing causes
current to flow in the corona igniter; ceasing the first pulse before the current flowing in the
corona igniter crosses through zero and providing no energy to the corona igniter for a first
deadtime duration immediately upon ceasing the first pulse of energy; and obtaining a st
zero crossing duration, wherein the first zero crossing duration begins at the start of the first
pulse of energy and ends when the current Howing in the corona igniter crosses through zere
during the first deadtime duration. The method next includes providing a sscond pulse of
energy to the corona igniter at a negative voltage in response o the Hrst zero crossing of the
current to cease the first deadtime duration; ceasing the second pulse of energy before the
current crosses through zero and providing no energy to the corona igniter for a second
deadtime duration immediately upon ceasing the sscond pulse of energy; and obtaining a
second zero crossing duration, wherein the second zere crossing duration begins at the first
zero crossing and ends when the current flowing in the corona ignifer crosses through zero
during the second deadtime duration. The method then includes oblaining a first resonant
frequency value based on 2 sum of the first zero crossing duration and the second zero
crossing duration.

{0008 Another aspect of the invention provides a system for detecting the
resonant frequency of a corona igniter. The system includes a first switch providing a first
pulse of energy from an energy supply 1o a corona igniter at a positive voltage for a first pulse
duration causing current to flow in the corona igniter. The first switch ceases the first pulse

duration before the current in the corona igniter crosses through zero. No energy is provided
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t the corona igniter for a first deadtime duration which ocours immediately upon ceasing the
first pulse durstion. A frequency detector detects when the current flowing in the corona
{gniter crosses through zero during the first deadtime duration and initiates a drive signal to
provide a second pulse of energy to the corona igniter in response to the zero crossing of the
carrent. A second switch receives the drive signal and provides the second pulse of energy
from the energy supply to the corona igniter at 2 negative voltage for a second pulse duration
to cease the frst deadtime duration. The second switch ceases the second pulse duration
before the current Howing in the corona igniter crosses through zero. No energy is provided
{o the corona igniter for a second deadtime duration which oceurs immediately upon ceasing
the second pulse duration. The frequency detector detects when the current flowing in the
corona igniter crosses through zero during the second deadtime duration and initiates a drive
signal to provide a third pulse of energy to the corona igniter in response to the zero crossing
of the current, The first switch receives the drive signal and provides the third pulse of
energy from the energy supply to the corona igniter at a positive voltage to cease the second
deadtime duration. The frequency detector then oblaings a first resonant frequency value
based on a sum of the frst pulse duration, the first deadtime duration, the second pulse
duration, and the second deadtime duration.

{6009] Yet another aspect of the invention provides a system for detecting the
resonant frequency of a corona igniter in a corona ignition system, comprising a fivst switch
and a frequency detector, The first switch provides a first pulse of energy from an energy
supply to a corona igniter at a positive voltage causing current to flow in the corona igniter
The first switch then ceasing the first pulse of energy before the current in the corona igniter
crosses through zero and provides no energy to the corons igniter for a first deadtime
duration immediately upon ceasing the first pulse of energy. The frequency detector then

obiains a resonant frequency value by doubling a first zere crossing duration, wherein the
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first zero crossing duration begins at the start of the first pulse of energy and ends at the first
TEIO Crossing,

{8018] Another aspect of the invention provides a system for detecting the
resonant frequency of a corona igniter in a corona ignition system, comprising a first switch,
a second switch, and a frequency detector. The first switch provides a first pulse of energy
from an ensrgy supply to a corona igniter at a positive voliage causing current o flow in the
corona igniter, The first switch ceases the first pulse duration before the current in the corona
igniter crosses through zero and provides no energy to the corona igniter for a first deadtime
duration immediately upon ceasing the first pulse of energy. The frequency detector detects
when the current flowing in the corona igniter crosses through zero during the first deadtime
duration and initiates a drive signal to provide 8 second pulse of energy to the corona igniter
in response to the first zero crossing of the cwrent. The frequency detector obtains a first
zero crossing duration, wherein the first zero crossing duration begins at the start of the first
pulse of energy and ends at the first zero crossing. The second switch receives the drive
signal and provides the second pulse of energy from the energy supply to the corona igniter &t
a negative voltage to cease the first deadtime duration. The second switch ceases the second
pulse duration before the current flowing in the corona igaiter crosses through zero and
provides no encrgy to the corona igniter for a second deadtime duration immediately upon
ceasing the second pulse of energy. The frequency detector detects when the current flowing
in the corona igniter crosses through zero during the second dsadiime duration. The
frequency detector obtains a second zero crossing duration, wherein the second zero crossing
duration begins at the first zero crossing and ends at the second zevo crossing. The frequeney
detector obtains a first resonant frequency value based on a sum of the first zero crossing

duration and the second zero crossing duration.
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{6011 The system and method provide numerous advantages. First, the
resonant frequency values obizined become more acourate over time, and are equal io, or
very close o, the sctual resonant frequency of the corona igniter.  In addition, the resonant
frequency values are obtained while energy is being supplied to the corona igniter, and
typically while the corona igniter provides corona discharge. Thus, additional power phase
or measurement perieds are not required.  Furthermore, the drive frequency of the energy
provided to the corona igniter can be immediately adjusted concurrent with operation of the
corona igniter, or prior to a future corona event, to maich the detscted resonant frequency
value, for example in response to changes caused by arcing events or other conditions.

BRIEF DESCRIPTION OF THE DRAWINGS

{6012} Other advantages of the present invention will be readily appreciated,
as the sare becomes better understood by reference to the following detailed description
when considered in comnection with the accompanying drawings wherein:

{8013} Figure 1 15 a block diagram of a corons dischargs ignition system
according to a frst exemplary embodiment of the invention;

{0614} Figure 2 is a block diagram of a corona discharge ignition system
according 1o a second exemplary embodiment of the invention;

{0015} Figure 3 is a block diagram of a corona discharge ignition system
according to a third exemplary embodiment of the invention;

{6016} Figure 4 is a graph illustrating current flowing in the corona igniter and
voltage provided to the corona igniter st the beginning of a corona event; and

{0017} Figure 5 shows the current flowing in the corona igniter and the

voltage provided to the corona igniter after 20 cycles in the corona event of Figure 4.

g
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DETAILED DESCRIPTION

{0018} The present invention provides an improved system 28 and method for
detecting the resonant frequency of a corena igniter 22 concurrent with operation of the
corona igniter 22, The resonant frequency values obtained using the method are equal to, or
very close to, the actual resonant freguency of the corona igniter 22, The drive frequency of
the energy provided to the corona igniter 22 can be adjusted to match the detected resonant
frequency value while the energy is being supplied to the corona igniter 22 and while the
corona igniter 22 provides corona discharge 26, In addition, immediate adjustments to the
drive frequency can be made during operation of the corona igniter 22 based on the detected
resonant frequency value, for example in response to changes caused by arcing events or
other conditions,

{01%) Exemplary embodiments of the system 20 capable of implementing the
improved resonant freguency detection are shown in Figures 13, These systems 28 are also
described in related U 8. patent application nos. 14/368219, 14/368330, and 14/568438,
which are incorporated herein by reference, In each embodiment, the system 28 includes the
corona igniter 22 coupled to an induction coil L, which are together referred (o as the load
operating at a resonant frequency. This resonant frequency is referred to herein as “the
resonant frequency of the corona igniter 22.° The corona igniter 22 receives energy at a drive
frequency and voltage level causing current to flow in the corons igniter 22, This current and
voltage can be measured at an output 24 of the corona igniter 22. During operation in an
internal combustion engine, the corons igniter 22 preferably forms a high radio frequency
electric field at a firing end, referred to as corona discharge 26, to ignite a mixiure of fuel and
air in 8 combustion chamber of the engine.

{B020] The system 20 also includes the controller 28 and a pair of switches

30A, 308 that control the drive frequency provided to the corona igniter 22, and the

w



WO 2015/089371 PCT/US2014/069958

capacitance/inductance circuit of the system 28, so that the drive frequency is maintained at
or close to the resonant frequency of the corona igniter 22. Operating the system 28 such that
the drive frequency is equal to the resonant frequency provides voltage amplification leading
to robust corona discharge 26 in the combustion chamber.

{8031} The controlier 28 of the exemplary embodiments activates one of the
switches 304 or 388 at predetermined times to achieve the desired drive frequency. When
one of the switches 38A or 30B is active, energy can flow from the power supply V3 through
the gctive switch 304 or 388 o the corona igaiter 22. When the switches 384, 308 are not
active, energy cannot flow through 1o the corona igniter 32, Switch 30A isreferred toas a
first switch, and switch 388 is referred to as a second switch, but the switch 308 could
alternatively be referred (0 as the first switch, and the switch 30A could be referred to as the
second switch. In each case, only one of the switches 384 or 38B is active and providing
energy to the corona igniter 22 at any given time during operation of the corona ignition
systemn 28, Thus, the controller 28 deactivates the first switch 30A before activating the
second switch 0B, and vice verss, so that the two switches 384, 308 are not active al the
sume time. Preferably, activation of the switches 384, 388 is synchronized with the resonant
frequency of the corona igniter 22. For example, in one embodiment, the first switch 30A is
active and thus provides energy to the corona igniter 22 whenever the current at the cutput 24
is positive, and the second switch 388 is active and thus provides energy to the corona igmiter
23 whenever the current at the output 24 is negative. The system 26 also includes a frequency
detector for detecting the resonant frequency of the corona igniter 22, The frequency detector
is typically provided by a combination of components working together, for example the
controlier 28 working in combination with a current sensor 36, or other componenis of the

system 28,
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[6622] The method of detecting the resonant frequency is conducted
concurrent with operation of the corona igniter 22 in an internal combustion engine. This this
case, the method is conducted while energy is provided o the corona igniter 22 and typically
while the corona igniter 22 provides corona discharge 36, However, the method can also be
conducted al a reduced duty cycle, wherein the energy provided to the corona igniter 22 is at
lower level so that the corons discharge 26 is not created. The method could also being at the
reduced duty cyele, and the duty cycle can be increased over time.

{6023] Figures 4 and 5 provide an example of the voltage provided o the
corona igniter 22 and the current flowing in the corona igniter 21 while implementing the
method of the present invention. Figure 4 shows the current and voltage al the beginning of
a corona event, and Figure 5 shows the current and voltage after 20 cycles of the same corona
event. The “corona event” is a period of time during energy is provided to the corona igniter
22 and the corona igniter 22 provides s corona discharge 26. These current and voltage
levels are used to detect the resonant freguency of the corons igniter 22, as will be discussed
further below.

190244 in genersl, the method includes employing the first switch 304 to
provide a first pulse of energy from an energy supply, for example V3, to the corona igniter
22. The first pulse of energy is provided st a positive voltage for a first pulse duration 101
causing a positive current to flow in the corona igniter 22, The first switch 30A then cuases
the first pulse duration 181 before the current in the corona igniter 22 crosses through zero, as
shown in Figure 4. The controlier 28 typically sets the length of the first pulse duration 181
based on any delays of components of the system 28, so that the first pulse duration 101 ends
before the current Jowing in the corona igniter 22 crosses through zero,

{80235} A first deadtime duration 261 then occurs inumediately upon ceasing

the first pulse duration 161, No energy is provided from the energy supply V3, or from any
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other type of energy source, to the corona igniter 22 during the first deadtime duration 283,
and the voliage level is at zero during the first deadtime duration 201, as shown in Figure 4.
Since the energy is powered off during the first deadtime duration 201, there are no problems
associated with noise in the corona circuit due to switching.

j002s] During the first deadtime duration 201, the frequency detector, such as
a combination of the controller 28 and current sensor 36, detects when the current flowing in
the corona igniter 22 crosses through zero. The current crosses zero enly once during the
first deadtime duration 301, In one embodiment, the current sensor 36 obtains the current
Bowing in the corona igniter 22 from the oulput 24 and determines the zero crossings of the
current. This zero crossing measurement is Lypically conveyed from the current sensor 36 to
the controller 28 in an oulput signal 34,

j30237} The controller 28 receives the output signal 84, and in response lo the
zere crossing of the current, the controlier 28 initiates a drive signal 50 o provide a second
pulse of energy to the corona igniter 22. The second swiich 308 receives the drive signal 58
and provides the second pulse of energy from the energy supply V3 to the corona igniter 22
at a negative voltage for a second pulse duration 102 to cease the first deadtime duration 201%.
The second switch 30B ceases the second pulse duration 182 before the negative current
flowing in the corona iguiter 12 crosses through zero, as shown in Figure 4. The controller
28 can also set the length of the second pulse duration 102 based on any delays of
components of the system 20, so that the second pulse duration 182 ends before the current
flowing in the corona igniter 22 crosses through zero.

0028] A second deadtime duration 202 then ocours immediately upon ceasing
the second pulse duration 102, No energy is provided from the energy supply V3, or from
any other energy source, 1o the corona igniter 22 during the second deadtime duration 282,

and the veltage level during the second deadtime duration 262 is at zero, as shown in Figure

H



WO 2015/089371 PCT/US2014/069958
4. The second pulse duration 182 is greater than the first pulse duration 181, and the second

deadtime duration 282 is less than the first deadtime duration 261,

{0429} During the second deadtime duration 202, the frequency detector again
detects when the current flowing in the corona igniter 22 crosses through zero, in the same
manner as during the first deadtime duration 281. The current crosses zero only once during
the second deadtime duration 202, In response to the zero crossing of the current, the
frequency detector, typically the controlier 28, initiates another drive signal 58 to provide a
third pulse of energy to the corona igniter 22, The first switch 30A receives the drive signal
50 and provides the third pulse of energy from the energy supply V3 to the corona igniter 21
at a positive voltage 1o cease the second deadtime duration 202,

0038} After the second deadtime duration 203, the frequency detector oblaing
a first resonant frequency value based on a sum of the first pulse duration 181, the first
deadtime duration 201, the second pulse duration 162, and the second deadtime duration 282,
Typically, the controller 28 receives information abowt the current and voltage from other
components of the system, and then uses that information to determine the pulse durations
101, 192 and deadtime durations 201, 202. The controller 28 then uses the sum of thoss
durations 181, 102, 261, 202 to determine the frst resonant frequency value. Various
di fferent methods can be used to determine the first resonant frequency value based on the
sum, such as alporithms performed by software of the controller 28, For example, the step of
obtaining the first resonant frequency value can include dividing the sum in half to determine
the duration of one half cycle of the resonant frequency. As indicated above, the gathering of
information and evaluation conducted by the controller 28 to obtain the first resonant
frequency value can be conducted during the corona event, while providing the energy to the

corona igniter 22.
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{8031} In another embodiment, the frequency detector, such as the current
sensor 3¢ and the controller 28, determines the first resonant frequency value by oblaining
the time between adjacent zero crossings, which can include the time between the start of the
first pulse of energy and the first zere crossing, or the time between two consecutive zero
crossings. For example, the controller 28 can obtain the first resonant frequency valus by
doubling a first zero crossing duration X1, As shown in Figure 4, the first zero crossing
duration X1 beging at the start of a pulse of energy and ends at a first zero crossing. The frst
zero crossing could be at startup, as shown in Figure 4, but could alternatively be the time
between two Iater zero crossings.

180321 The controller 28 could alternatively obiain the first resonant
frequency value based on the time between three consecutive zero crossings, which could be
the first three consecutive zero crossings, as shown in Figure 4, or three Iater zero crossings.
In this embodiment, the controller 28 obtains the first zero crossing duration X1 and & second
zero crossing duration X2, wherein the second zero crossing duration X2 beging at the first
zero crossing and ends at the second zero crossing. The controller 28 obiains a first resonant
frequency value based on a sum of the first zero erossing duration X1 and the second zero
crossing duration X2,

{88331 After the first resonant frequency value is obiained, the controller 28
can adjust the drive frequency of the energy provided to the corona igniter 22 (o equal the
obtained first resonant frequency value, concurrently with operation of the corona igniter 22,
The controller 28 typically insiructs the switches 384, 30B to provide the energy from the
energy supply V3 to the corona igniter 22 at the first resonant frequency value while the
corona igniter 22 continues o provide the corona discharge 26, Determining the first
resonant frequency value and adjusting the drive frequency to mateh the obtained first

resonant frequency value can all occur in the same covona event,

e
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18834] The above steps are typically repeated over several cycles or time
periods, as shown in Figures 4 and 5, to obtain additional resonant frequency values, wherein
each consecutive resonant frequency value obtained is closer to the acmal resonant frequency
of the corona igniter 22 than the previous value obtained, Typically, at the start of each
corona event, as shown in Figure 4, a reduced duty cycle is used and the pulse durations are
selected to allow a predefined range of frequencies to be accurately detected. The pulse
durations are increased throughout the process of detecting the resonant frequency values
while the deadtime durations decrease, as shown in Figures 4 and 5, until a maximum pulse
duration is achieved. The actusl resonant frequency value of the corona igniter 22 is fully
identified when the maximum pulse duration is achieved.

10835) For example, the method can include using the first switch 384 to
provide the third pulse of energy from the energy supply V3 to the corona igoiter 22 fora
third pulse duration 103, which is longer than the second pulse duration 102; and ceasing the
third pulse duration 103 before the positive current flowing in the corona igniter 22 erosses
through zere, No energy is provided to the corona igniter 22 for a thind deadtime duration
263 immediately upon ceasing the third pulse duration 163, The third deadtime duration 283
is shorter than the second deadtime duration 281

13361 The freguency detecior then detects when the current flowing in the
corona igniter 22 crosses through zere durtng the third deadiime duration 203, The second
switch 368 provides a fourth pulse of energy to the corona igniter 22 at a negative voltage for
a fourth pulse duration 104 in response to the zero crossing of the current to cease the third
deadtime duration 203, The fourth pulse duration 184 is ceased before the current flowing in
the corona igniter 22 crosses through zero, No energy is provided to the corona igniter 22 for

a fourth deadtime duration 284 immediately upon ceasing the fourth pulse duration 104,

i4
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{08371 Next, the frequency detector detects when the current flowing in the
corona igniter 22 crosses through zero during the fourth deadtime duration 284, and provides
a fifth pulse of energy to the corona igniter 22 at a positive voliage and for a fifth pulse
duration 185 in response 1o the zero crossing of the current to cease the fourth deadtime
duration 204, The fourth pulse duration 104 is greater than the third pulse duration 103, and
the fourth deadtime duration 204 is Jess than the third deadtime duration 283,

[0038] The frequency detector then obtains a second resonant frequency value
based on a sum of the third pulse duration 183, the third deadtime duration 203, the fourth
pulse duration 104, and the fourth deadtime duration 204, in the same manner as the first
resonant frequency value was obtained. The detected resonant frequency values become
muore accurate over time, $0 the second resonant frequency value obtained is typically closer
to the actual resonant frequency of the corona igniter 22 than the first resonant frequency
value.

{0839 A3 shown in Figures 4 and 5, the method typically continues in the
same manner, preferably until the actual resonant frequency of the corona igniter 22 18
detected, or very close to being detected. A plurslity of additional pulses of energy can be
provided to the corona igniter 22 afler the §1th pulse of energy, wherein each additional pulse
of encrgy is spaced from the next pulse by a deadtime duration during which no energy is
provided to the corona igniter 22. The pulse durations continuously inerease over time and
the deadtime durations continuously decrease over time,

0840} The zevo crossings and pulse durations are detected and evaluated to
obtain additional resonant frequency values, in the same manner as the first and second
resonant frequency values were obtained. Obtaining the additional resonant frequency
values is also conducted concurrently with operation of the corona igniter 22, while energy is

provided to the corona igniter 22, The controlier 28 can also continue to adjust the drive

-
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frequency to match the obtained resonant frequency values concurrent with operation of the
corona igniter 22 to continuously improve the performance of the system 28, Aliernatively,
the last resonant frequency value obtained at the end of the resonant frequency detection
process, specifically the value based on the last two pulse durations and last two deadtime
durations, can be used as the starting drive frequency in a future corona event, or as the drive
frequency during & future corons event.

{041} In addition to sccurately detect the resonant frequency of the corona
igniter 22, the system is also able to make immediate adjustments to the drive frequency, for

“example in response to resonant frequency changes, in order to maintasin the drive frequency
equal to, or very close to, the actual resonant frequency of the corona igniter 22. The system
38 is also able to efficiently track and respond fo resonant frequency changes caused by
arcing events. Quick acquisition of the resonant frequency and rapid real-time adjustment of
the drive frequency is possible to maintain the best possible performance. It is also noted
that other methods of resonant frequency conirol which can be employed in the system
described herein are disclosed in related 1.8, patent application nos. 14/568219, 14/568334,
and 14/568438, which are incorporated herein by reforence. Each application lists the same
inventor and was filed on the same day as the present application.

[0043] Figure 1 is a block diagram of the corona discharge ignition system 26
according to a first exemplary embodiment which is capable of implementing the concurrent
method for resonant frequency detection of the present invention, and capable of rapidly
responding to resonant frequency changes and arc formation concurrent with operation of the
corona igniter 22, in order to maintain the drive frequeney equal to or approximately equal to
the resonant frequency. In addition to the controller 28, switches 304, 308, corona igniter
22, induction coil L, and the current sensor 36 described above, the system 38 alse includes o

pair of drivers 324, 328, referred to as a first driver 324 and 2 second driver 328, The

1%
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system 28 of Figure 1 further includes s ransformer 34, a first low-pass filter 38, and a first
signal conditioner 48, The voltage provided to the corona igndter 22 and current flowing in
the corona igniter 22 is detected at the culput 24,

108431 The system 28 is controlled by the controller 28, which is preferably 2
programmable digital or mixed-signal controller, such as a digital signal processor (D8P},
complex programmable logic device (CPLD), field-programmable gate array (FPGA),
microconiroller, or microprocessor. The controller 28 receives a trigger input signal 42
which commands the confroller 28 to initiate the production of corona discharge 26 in the
combustion chamber, The controller 28 also provides an are detect output signal 44 to inform
any external control system {nol shown} that an arc has been detected, and a feedback cutput
signal 46 to provide additional data sbout the health and operation of the circuit to any
external control system. The trigger input signal 42, arc deteet output signal 44, and feedback
gutput signal 46 conveyed to and from the controller 28 are filtered by electromagnetic
capability filters, referred to a3 EMC filters 48, and other input filiers 4%, In response to the
trigger input signal 42, the comrolier 28 provides the drive signals 50 to the drivers 314, 32B
which control the switches 304, 38B.  When one of the swiiches 384 or 30B is active, the
energy supply V3, which is 8 DC voltage, is applied to a primary winding 82 of the
transformer 34. The transformer 34 then provides energy through the output 24 and to the
corona igniter 22 a the drive frequency. In the exemplary embodiment, the transformer 34
has a configuration known in the art as a “push-pull” configuration.

{8044} In the system 3¢ of Figure 1, the current flowing in the corona igniter
232 {the cutput current) is measured at the output 24 by the first current sensor 36, The first
current sensor 36 can also collect information about the voltage provided to the corona iguiter
22 at the output 24, such as the length of the pulse durations 181, 162, 183, 184 and the

deadtime durations 301, 202, 203, 284, The first current sensor 36 can be 3 shunt resistor,
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hall-effect sensor, or current transformer, for example. The current sensor 36 identifies the
zero crossing of the current during each deadtime duration 281, 202, 203, 284, and sends the
output signal 54 including this information toward the controller 28, The first current sensor
36 can use various different techniques o identify the zero crossing. The current sensor can
also determine the length of the pulse durations 181, 182, 163, 184 and the length of the
deadtime durations 201, 262, 283, 284, and can send this information in the output signal 84,

[8045] Preferably, the output signal 34 is lightly filtered by the first low-pass
filter 38 before being conveyed to the controller 28, The first low-pass filter 38 creates a
phase shift in the output signal 54 which is smaller than the period of oscillation of the
current. In one embodiment, the phase shift is 180 degrees, but preferably the phase shift is
less than 180 degrees, and more preferably the phase shift is less than 90 degrees, which i
less than one haif eycle. The first low-pass filter 38 also removes unwanted high frequency
noise generated by switching high current and voltages. The filtered output signal 54 is then
transferred to the first signal conditioner 40, which makes the output signal 54 safe for
transferring to the controller 28, Thus, the output signal 34 is at a level that can be safely
handled by the controller 28, The output signal 54 is typically provided to the confroller 28
after sach zere crossing.

j8046] The coniroller 28 receives the output signal 84 with the current and
voltage information obtained by the first current sensor 36, and uses the information to
initiate correct fiming of the switches 30A, 30B.  The length of the first pulse duration 181 is
predetermined by the controller 28 before the corona event, but the first deadtime duration
281 is not predetermined. Thus, the controller 28 monitors the current flowing in the corona
igniter 22 for the zevo crossing via the cutput signal 34. The zero crossing detection i3
preferably corrected to account for any delay in measuring the current, delay in the first low-

pass filter 38, and the delay in other analogue or digital circuit elements. Immediately upon
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identifying the zero crossing of the current, the controller 28 terminates the first deadtime

duration 201 by activating one of the swiiches 304, 38B.

16047} The controller 28 also uses the information contained in the output
signal 54 to identify the resonant frequency of the corona igniter 22 concurrent with operation
of the corona igniter 22, As discussed above, the controller 28 can use various different
techniques to identify the resonant frequency value based on the sum of the pulse durations
161, 182, 103, 104 and the deadtime durations 201, 202, 203, 284, Once the resonant
frequency value is oblained, the controller 28 activates the switches 384, 308 at the correct
times so that the drive frequency is equal to that resonant frequency value.

FR048] In the exemplary embodiment, once the controller 28 determines the
timing of the frst switch 384 or second switch 388 required, the controller 28 instructs the
first driver 32A to activate the first switch 38A or instructs the second driver 32B to activate
the second switch 368 af the required time. The drivers 324, 32B are instructed to activate
the switches 38A, 38B at the predotormined times, so that the drive frequency of the energy
conveyed through the switches 384, 388 to the transformer 34 and ultimately to the corona
igniter 22 is equal o the resonant frequency value of the corona igniter 22 obtained by the
controller 28, The controller 28 can also adjust the timing of the switches 384, 308
whenever needed, for example in response {o changes of conditions In the system 16,
concurrent with operation of the corona igniter 22,

{60491 Figure 2 is a block diagram of a corona discharge 26 ignition system
29 according 10 a second exemplary embodiment of the invention, which operates like the
system 28 of Figure 1, but includes several additional features, One additional feature i3 that
that the various functional sections of the system 3§ include a contrel system ground 36, a
power system ground 58, and load ground 60 which are separated from one another. This

technigue is used to improve EMI and/or electromagnetic capability (EMC). The control
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system ground 56 is isolated from a power system ground 58 by galvanic isolation 62. The

transformer 34 isolates the power system ground 58 from the load ground 68, and this
isolation must be maintained between the first current sensor 36 and the controller 28. The
isolation between the power system ground 58 and the load ground 60 may be achieved by
adding palvanic isolation 62 at the first low-pass filter 38 or the first signal conditioner 48,
Alternatively, the isolation between the power sysiem ground 58 and the load ground 68 can
be achieved by operating the first low-pass filter 38 or the first signal conditioner 40 ina
differential mode where only 2 negligible current can flow through the device. In the system
20 of Figure 2, only the first signal conditioner 4¢ operates in differential mode to isolate the
power system ground S8 from the load ground 68, One or more of these methods may be
employed,

1050] Another additional feature of the system 28 of Figure 2 i a second
current sensor 64 to measure the amplitude of the current in the second switch 308 on the
primary side of the transformer 34, The second current sensor 84 specifically measures the
current at the output of the second switch 308, Alternatively, there could be a second current
sensor §4 at each of the switches 384, 388, The second current sensor 64 provides an
additional feedback signal 55 to the controller 28, giving valuable diagnostic information
which is not possible through the phase measurement of only the first current sensor 36, For
example, it is possible to detect an open or short cirouit in the load circuit by measuring the
current at the output of the switches 304, 30B. In addition, the systemn 28 of Figure 2
includes a second low-pass filter 66 located between the current sensor and the controller 28
to lightly filter the current output signal 54 before providing the feedback signal 55 1o the
controller 28,

{0051} Figure 3 is a block diagram of a corona discharge 26 ignition system

28 according to a third exemplary embodiment of the invention. The system 20 of Figure 3

iy
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algo includes the galvanic isolation 62, but in this embodiment, the galvanic isolation 62 is
located on both the energy input and snergy oulput sides of the controller 28, and completely
separates the three grounds 56, 58, 60. One or both of the barriers provided by the galvanic
isolation 62 can be omitied if the circuit is designed o operate using fewer grounds.

{0852 The system 28 of Figure 3 further includes another winding, referred (o
as a voltage feedback winding §8. The voltage provided by the voltage feedback winding 68
reflects the voltage at the output 24 of the corona igniter 32, A voltage sensor 78 is
preferably located at the output of the voltage feedback winding 68 to measure this voliage.
An putput signal 88 including the output voltage is then transferred through the second low-
pass flter §6 to the controller 28, The second low-pass filter 66 lightly filters the voliage
output signal 80 before providing the output signal 80 to the controller 28. The controller 28
can determine the length of the pulse durations 103, 162, 183, 184 and the length of the
deadtime durations 281, 203, 203, 264 from the information contained in this output signal
80. Also, unlike the systems 20 of Figures 1 and 2, a control signal 72 is provided to the
controller 28 of Figure 3. The control signal 72 can include any information related io
operation of the corona igniter 22, such as whether arcing ocourred or the desired voltage.

{8053} The features of the exemplary systems 28 shown in Figures 1-3, as
well as those shown in the related applications, may be used in various combinations, other
than those specifically described herein. However, the system 28 should have the ability to
drive the corona igniter 22 with an AC signal at or near its resonant frequency; enable and
disable this AC drive signal; adjust the duty cycle of the voltage supplied to the corona igniter
22 independent of the frequency of the voliage supplied to the corona igniter 22,

{8061 The system 28 and method of the present invention provides multiple
advaniages over comparative systems. As discussed above, the system and method can detect

a resonant frequency value that is equal to, or very close to, the actual resonant frequency of

Bees
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the corona igniter 22 concurrent with operation of the corona igniter 33 A complete
measurement of the resonant frequency after each cyele can be made, and the measurement
can be evaluated and used on s per-cycle basis. Measurement over multiple cycles can also
be done o improve the accuracy of the resonant frequency value detected.  Immediate
adjustments of the drive frequency can be made to maintsin the drive frequency at or close to
the actual resonant fregquency of the corona igniter 22 and thus maintain a robust corona
discharge 26.

18054 Obviousty, many modifications and variations of the present invention
are possible in light of the above teachings and may be practiced otherwise than as

specifically described while within the scope of the claims.
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CLAIMS
What is claimed is:
i A method for detecting the resonant frequency of a corona igniter in a corona

jgnition system, comprising the steps oft

providing a first pulse of energy to a corona igniter at a positive voltage for a
first pulse duration causing causes current to flow in the corona igniter;

ceasing the frst pulse duration before the current flowing in the corona igniter
crosses through zero and providing no energy to the corona igniter for a first deadtime
duration immediately upon ceasing the first pulse duration;

detecting when the current flowing in the corona igniter crosses through zero
during the first deadtime duration;

providing a second pulse of energy to the corona igniter at a negative vollage
for a second pulse duration in response to the zero crossing of the current 1o cease the first
deadtime duration;

ceasing the second pulse duration before the current crosses through zero and
providing no ensrgy to the corona igniter for a second deadtime duration immediately upon
ceasing the second pulse duration;

detecting when the current flowing in the corona igniter crosses through zero
during the second deadtime duration;

providing a third pulse of energy to the corona igniter at a positive voltage in
response to the zero crossing of the current to cease the second deadtime duration; and

obtaining a first resonant frequency value based on a sum of the Rrst pulse
duration, the first deadtime duration, the second pulse duration, and the second deadtime

duration.



WO 2015/089371 PCT/US2014/069958

2. The method of claim | including applying energy o the corona igniter at a
drive frequency equal to the obtained first resonant frequency value while providing energy
to the corona igniter.,

3. The methed of claim 1, wherein the step of obtaining the first resonant
frequency value includes dividing the sum in half to determine the duration of one half eycle

of the resonant frequency.

4, The method of claim 1, wherein the positive voltage canses the current to flow
in a positive direction and the negative voltags causes the current to flow in a negative
direction, and the current crosses zero only once during the fivst deadtime duration and only

once during the sscond deadtime duration.

5. The method of claim 1, wherein the second pulse duration is greater than the

first pulse duration, and the second deadtime duration is less than the first deadtime duration.

8. The method of claim 1 including setting the first pulse duration based on any
delays of components of the system so that the step of ceasing the first pulse duration oeours

before the current flowing in the corona igniter crosses through zero.

7. The method of claim 1 including adjusting a drive frequency of the energy
provided to the corena igniter to match the obtained first resonant fregquency velue while

providing the energy to the corona igniter.
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8. The method of claim 1 including providing the third pulse of energy to the

corons igniter for a third pulse duration;

ceasing the third puise duration before the current Howing in the corona igniter
crosses through zero and providing no energy o the corona igniter for a third deadtime
duration immediately upon ceasing the third pulse duration;

detecting when the current flowing in the corona igniter crosses through zero
during the third deadtime duration;

providing a fourth pulse of encrgy o the corona igniter at a negative voliage
for a fourth pulse duration in response to the zero crossing of the current to cease the third
deadtime duration;

ceasing the fourth pulse duration befors the current flowing in the corona
igniter crosses through zere and providing no energy to the corona igniter for a fourth
deadtime duration immediately upon ceasing the fourth pulse duration;

detecting when the current flowing in the corona igniter crosses through zero
during the fourth deadtime duration;

providing a fifth pulse of energy to the corona igniter at a positive vollage in
response to the zero crossing of the current o cease the fourth deadtime duration; and

obiaining a second resonant frequency value based on 2 sum of the third pulse
duration, the third deadtime duration, the fourth pulse duration, and the fourth deadtime

duration.

g, The method of claim 8, whereln the fourth pulse duration is greater than the

third pulse duration and the fourth deadtime duration is less than the third deadtime duration.

ot
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10, The method of claim § including a plurality of pulses of energy provided to
the corona igniter afler the fifth pulse of energy, each of the pulses of energy provided fora
pulse duration and spaced from one another by a deadtime duration during which no energy
is provided to the corona igniter; and wherein the pulse durations increase over time and the

deadtime durations decrease over time.

11, The method of claim &, wherein the steps of obiaining the first resonant
frequency value and the second resonant frequency value are conducted while energy is

provided to the corona igniter and while the corona igniter provides corona discharge.

12. A method for detecting the resonand frequency of a corona igniter in 8 corona

ignition sysiem, comprising the steps off

providing a first pulse of energy i¢ a corona igniter at a positive voltage
causing causes current to flow in the corona igniter;

ceasing the first pulse before the current flowing in the corona igniter crosses
through zero and providing no energy to the corona igniter for a first deadtime duration
immediately upon ceasing the first pulse of energy;

obtaining a first zero crossing duration, wherein the frst zero crossing
duration begins at the start of the first pulse of energy and ends at the first zero crossing; and

obtaining o first resonant frequency value by doubling the first zero crossing

duration.

i3, A method for detecting the resonant frequency of 8 corona igniter in a corona
ignition system, comprising the steps of

providing a first pulse of energy to a corona igniter af a positive voliage
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causing causes current to flow in the corona igniter;

ceasing the frst pulse before the cusrent flowing in the corona igniter crosses
through zero and providing no energy to the corona igniter for a first deadtime duration
iramediately upon ceasing the first pulse of energy;

obitaining 2 first zere crossing duration, wherein the first zere crossing
duration begins at the start of the first pulse of encrgy and ends at the first zero crossing;

providing a second pulse of energy to the corona igniter at a negative voltage
in response to the first zero crossing of the current to cease the first deadtime duration;

ceasing the second pulse of energy before the current crosses through zero and
providing no energy to the corona igniter for a second deadtime duration immediately upon
ceasing the second pulse of energy,;

obisining a second zero crossing duration, wherein the second zero ctossing
duration begins at the first zero crossing and ends at the second zerp crossing; and

obtaining a fivst resonant frequency value based on a sum of the first zero

crossing duration and the second zero crossing duration.

14, A system for detecting the resonant frequency of a corona igniter in & corona
ignition system, comprising:

a first switch providing a first pulse of energy from an energy supply to a
corona igniter at a positive voltage for a first pulse duration causing current o flow in the
corona igmiter;

the first switch ceasing the first pulse duration before the current in the corona
igniter crosses through zeroe and providing no energy to the corona igniter for a first deadtime

duration immediately upon ceasing the first pulse duration;

2
P
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a frequency detector detecting when the current flowing in the corona igniter
crosses through zero during the first deadtime duration and initiating a drive signal to provide
a second pulse of ensrgy to the corona igniter in response (o the zero crossing of the current;

a second swiich receiving the drive signal and providing the second pulse of
energy from the energy supply to the corona igniter at a negative voltage for a second pulse
duration to cease the first deadtime duration;

the second switch ceasing the second pulse duration before the current flowing
in the corona igniter crosses through zero and providing no energy to the corona igniter for a
second deadtime duration immediately upon ceasing the second pulse duration;

the frequency detector detecting when the curvent flowing in the corona igniter
crosses through zero during the sscond deadtime duration and initiating a drive signal to
provide a third pulse of energy to the corona igniter in response o the zero crossing of the
current;

the first switch receiving the drive signal and providing the third pulse of
energy from the epergy supply fo the corona igniter at a positive voltage to cease the second
deadtime duration; and

the frequency detector obtaining a first resonant frequency value based on a
surn of the first polse duration, the first deadtime duration, the second pulse duration, and the

second deadtime duration.

15.  The system of claim 14, wherein the frequency detector includes a current
sensor obiaining the current flowing in the corona igniter and determining the zero crossings

of the current.
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16.  The system of claim 15, wherein the frequency detector includes a contreller
for receiving the detected zero crossings of the current from the current sensor; and
determining the first resonant frequency value based on a sum of the first pulse duration, the

first deadtime duration, the second pulse duration, and the second deadtime duration.

17.  The system of claim 16, wherein the controller adjusts a drive frequency of the
energy provided to the corona igniter to match the obtained first resonant frequency value

while energy iz provided to the corona igniter.

18.  The system of claim 16, wherein the steps of obtaining the first resonant
frequency value and the second resonant frequency value are conducted while energy is

provided to the corona igniter and while the corona igniter provides a corona discharge,

19, The system of claim 16, wherein the controfler sets the Hrst pulse duration
based on any delays of components of the system so that the first pulse duration ceases before

the current flowing in the corona igniter crosses through zero.

20, The system of claim 14, wherein the first switch provides the third pulse of
energy from the energy supply to the corona igniter for a third pulse duration;
the first switch ceases the third pulse duration before the current flowing in the
corona igniter cvosses through zero and provides no energy to the corena igniter for a third
deadtime duration immediately upon ceasing the third pulse duration;
the frequency detector detects when the current flowing in the corona igniter
crosses through zero during the third deadtime duration and initiates a drive signal to provide

a fourth pulse of energy to the corona igniter in response to the zero crossing of the current;
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the second swiich receives the drive signal and provides the fourth pulse of
energy from the energy supply to the corona igniter at a negative voltage for a fourth pulse
duration to cease the third deadtime duration;

the second switch ceases the fourth pulse duration before the cwrrent Howing
in the corona igniter crosses through zero and provides no energy to the corona igniter for a
fourth deadtime duration immediately upon ceasing the fourth pulse duration;

the frequency detector detects when the current flowing in the corona igmter
crosses through zero during the fourth deadtime duration and initiates a drive signal to
provide a fifth pulse of energy 1o the corona igniter in response to the zero crossing of the
current;

the first switch provides providing a fifth pulse of encrgy to the corona igniter
at a positive voltage in response to the zere crossing of the current to cease the fourth
deadtime duration; and

the freguency detector obtains a second resonant frequency value based on a
sums of the third pulse duration, the third deadtime duration, the fourth pulse duration, and the

fourth deadtinie duration.

21, The system of claim 20, whersin the fourth pulse duration is greater than the

third pulse duration and the fourth deadtime duration is less than the third deadtime duration.

22 The method of claim 20, wherein the switches provide a plurality of pulses of
energy from the energy supply to the corena igniter after the fifth pulse of energy, each of the
pulses of energy are provided for a pulse duration and are spaced from one another by a
deadtime duration during which no energy is provided to the corona igaiter, the pulse

durations increase over time, and the deadtime durations decrease over ime,

Lur
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23, A system for detecting the resonant frequency of 5 corona igniter in a corona

ignition system, COMprising:

a first switch providing a first pulse of energy from an energy supply to a
corona igniter af a positive voltage causing current to flow in the corona igniter;

the firgt switch ceasing the first pulse of energy before the current in the
corona igniter crosses through zero and providing no energy to the corona igniter for a first
deadtime duration immediately upon ceasing the first pulse of energy;

a frequency detector obtaining 8 resonant frequency value by doubling a first
zero crossing duration, wherein the first zero crossing duration begins at the start of the first

pulse of energy and ends at the frst zero crossing.

24, A system for detecting the resonant frequency of 8 corona igniter in a corona

ignition systom, comprising:

2 first switch providing a 8rst pulse of energy from an energy supplyto a
corona igniter at a positive voliage causing current to flow in the corona igniter,

the first switch ceasing the first pulse duration before the current in the corons
igniter crosses through zero and providing no energy to the corona igniter for a first deadtime
duration iromediately upoa ceasing the first pulse of energy;

a frequency detector detecting when the current flowing in the corona igniter
crosses through zero during the frst deadtime duration and initiating a drive signal to provide
a second pulse of energy to the corona igniter in response to the first zero crossing of the

current;
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the frequency detector obtaining a first zero crossing duration, wherein the
first zero crossing duration begins at the start of the first pulse of energy and ends at the first
ZETO Crossing;

a second switch receiving the drive signal and providing the second pulse of
energy from the energy supply to the corona igniter at 3 negative voltage to cease the first
deadtime duration;

the second switch ceasing the second pulse duration before the corrent flowing
in the corona igniter crosses through zero and providing no energy to the corona igniter for a
second deadtime duration immedisiely upon ceasing the second pulse of energy;

the frequency detector delecting when the current flowing in the corona igniter
crosses through zero during the second deadtime duration;

the frequency detector oblaining a second zero crossing duration, wherein the
second zero crossing duration begins at the first zero crossing and ends at the second zero
crossing; and

the frequency detector obiaining a first resonant frequency value based on g

sum of the first zero crossing duration and the second zere crossing duration.
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