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In-Cylinder Air/Fuel Ratic Approximation
Using Spark Gap lonization Sensing

Eric N. Balles, Edward A. VanDyne, and Alexandre M. Wahi

Capytight © 1998 Society of Autoroative Sngineers, Inc.

ABSTRACT

Experiments were conducted on a single cylinder engine
to mezasure the jonization current across the spark plug
electrodes as a function of key operating parameters
including airfuel ralic. A unique ignition circuit was
adapted o measure the fon current as early as
300 microseconds after the inifiation of spark discharge.

A strung refationship between airfuel ratic and features
of the messured jon cument was observed. This
relationship can be exploited viz refalively simple
aigorithms in a wide range of electronic engine control
strategies. Measurements of spark phug jon current for
approxirmating airffuel ralio may be especially useful for
use with low cost midure comirol in small engine
appfications. Cylinder-to-cyfinder mixtre batancing in
conjunciion with 2 giobal exhaust gas oxygen sensor is
another promising -application of spatk plug ion current
measuremnent.

INTRODUCTION

Sensors perform a critical role in the control of modem,
highly developed intemnal combustion engines. A wide
variety of infermation ranging from ambient conditions, to
engine operating condiions (e.g, spesd, throitle
position, ntake manifold pressure, elc), ta chemical
compositicn (e.g., exhaust oxygen concentration} are
interpreted by the vehicle's engine management system
whichhh:mcnntrolsﬂmdimssmhassp_arktinﬁngand_
fuel injection. The sophistication of ipday's engine
systerns allow passenger cars o operate with dow
pollutant emissions and high thermal efficiency. On the
other hand, small uliity engines, which have seen lttie or
no regulgtion in the past, pose exirs challenges for
meeting future emission levels due to the size, weight,
and cost constrainls imposed by their  unique
appiications.

Adrenaline Research, Inc.

Kenneth Ratton and Ming-Chia Lai
Woayne State University

Because of these constraints, sensors and controt
suategies that are appropriate for passengar cars
frequeniy do not translate wel to small engines.
Continued development of new and advanced sensors,

control  algorithms, and actiralors is
tequired 1o mest the increasingly stringent worldwide
emission standards and fuel economy mandates for
passenger cars and cther iniernal combustion engine
applicafions.

The abillly to oblain useful information about the
combustion event via the measurement of in-cyfinder
ionization curent has beer known for decades and
continves o be sindied for use with modern engine
conirol strategies '** There are several examples of
the use of ionization cumrent sensing in production engine
appfications. Saab implements a version of spark plug
ionization sensing for misfire detection lo meet on-hoard
diagnostic requirements, Caterpillar, in one of its lean
bum natural gas engines, uses an icnization probe {non-
fifing spark piug) in the combustion chamber opposite
the igriion spark piug. The ionization probe detects the
ftame arrival time which Is then used to maintain a target
overall flame propagation Bme by controfing the airffuel
rafic. This siralegy works weil because of the sirong
cometation of ainfuel with lame speed.

To further study the use of spark plug ionization current
sensing as a method for airfuel ratic approdmation, an
experimental program was conducted al Wayne Siate
University on a small single cyfinder overhead valve
production engine. A Dual Energy Igniion system,
developed by Adrenafine Research, Inc., and patented
by the Massachuselts Institte of Technology,® was used
in these expecments. This ignition circuit was adapted
to sense the jon current at the spark plug gap and
palented separately by Adrenaiine.® Results described in
ths paper fccus on the relationship betwean airfuel ratio
and the fon current measurements.
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IGNITION AND ION CURRENT SENSING SYSTEM

CIRCUIT DESIGN OVERVIEW - The. ignition and ion
current sensing system used in this experimentat
program was based on Adrenaline’s Dual Energy ignition
{DEl} circuit This circuit is the combination of 3
capacilive discharge ignition circut and 2 stmobe light

circuit, which allows for both high voltage and high -

current discharges across the spark pivg gap for
improved ignition.”® After the Dual Energy circuit is
discharged, the secondary capacitor (seen in Figure 1)
recharged o present a high voltage across the spark gap
electrodes for pnization sensing. A zener diode and
parallel resistor between the secondaty capacitor and
ground allow this portion of the circuit to deliver the high
current for Ignition 2nd 1o perform the ion cument sensing
function. The zener diode provides the ciail path for
charging and discharging of the high voRage capacitor
for ignition purposes. The sensing resistor provides a
measurable voltage 4:up proporticnal to the jon current
flowing across the spark gap.

Primary
Capacitor
] |
Y | - v
Tk i hud XY
c:?::m';’u Whiods SPUESm
. Sessasery
D P::-:? \=) ' g
Soures i I Lyl
Pt
lonlzation
Anslyais
S Chgnitry |
Battery 1| poveSomre b1 —
_l_ pay—

Figure 1. Schemalic diagram of the basic Dual Energy
tgnition circuit combined with an ionizafon sensing
circuit

SYSTEM DESIGN FEATURES WHICH ENHANCE
IONIZATION SENSING — Implementation of his
combined approach has several significant advantages
for spark gap jonization sensing. :

1. Short duration spark discharges (typical of CD
ignition systems) aflow for jonizabon sensing to begin
within 300 ps after the Initial spark has occurred.
This s a significantly shortar time delay period than
an inductive ignition can provide which has typicat
spark duration of 1.5 1o 3 ms. Beginning ionization
sensing wilhin a few hundred microsezonds after
Spark provides data during the chemi-iontzation
phase (primarily lame propagation in the vicinity of
the spark gap). This information would otherwise be
missed with longer duration ignition systems. :

2. The large secandary capacitor used in the DEI cireuit

(13)

for high current spark discharge is aiso used to hoid
mevultagemmequkp{ug eimctrodes fnr.ion

large
most of its charge during the ionization portion of the
combustion process — the lonization current is ’
appmximately!ﬂbﬁﬂpAwtofacap:mr' that
. Can sustain 100 A for 3 ps when discharging in the
ignition phase. This feature therefore provides
mnﬁalyacastzﬂvo@emmmgtnutmebn
cumrent measurement phase.

3. Ancther benefit is the low resistance of the
capau‘ﬁve@dtage@nﬂ'sﬁmndarymcﬁng" that
aliows for a higher current flow through the
secondary windings during the ionizalion phase. The
sbility to present a high, negative voitage across the
gap aiso improves the ionization signal-io-noise

ratio.

4. A major cost benefil is derived from using the same
circuit o produce bath the high-snergy ignition that
assists combustion, especially in the lean burn
mode, as wel! as the diagnostic fonization fesdback.
Thecombiaﬁmufinpmvedleanbtmigriﬁmpms
ionization feedback for misfire purposes is especially
usefil in cuid starling engines and operaling just
inside the misfire imi for leanest possibla cold starts
in a closed loop fashion. Ancther benafil of the
combined circuits is that it can be used to detect pre-
Egaiimaswenasdagrm_eiqqiﬁmmme

the spark plug in order to maintain a reliable path for the
ion current which s only bétween 30 and 150 gA. tis
also important fo have a 12-bit analog-to-digital converier
for measuring the voltage drop across the sensing
resistor in order to get sufficient resolution of the signal
o ‘caiculate misfire, knock, and other information. In
order not to leave 3 high voltage at.the gap after the
igniion has been tumed off, a bleed resistor is
incorporated in the charge circuit to prevent the
secondary capacitor from maintaining 3 high voltage
charge This biead resistor results in 3 zero offset during
ion current measurement.  This needs o be taken into
account when analyzing the signal and determining the
z2ro i cument level which can be affected by the
seccndary capacitor voltage,

EXPERIMENT DESCRIPTION

ENGIiNE AND DYNAMOMETER SETUP — Experiments
o measure spark plug ion current and to correlate with
engine operating condiions were conducted on a small
preduction engine in a controtled laboratory environment:
The test engine was 3 238 cc VanGuard 9 hp Briggs and
Stratfon engine (model 185432), This overbead valve,
aw-cooled engine was originally supplied with a gascline
carburetor which was convered o propane fuef for
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these experiments. A surge tank wes added lo the
intake systam to improve the air mass flow measurement
accuracy. The exhaust system was modified to aliow for
a lambda sensor but retained the factory muffler which
exhausted to atmospheric pressure.

Table 1 Test Engine Specifications

(14)

disoiacement 219 ¢cc

bore x siroke 59 mm x B0 mm

compression ratio 8.1

rated power (gasciina) 6.7 XW (2 hp)

paak toraoue (gasoine) 7.5 Nm {13 ft-Ibs)

peak torque (propane 6.6 Nm (11.5 ft-ibs)
conversion)

The dynamomster and engine control, 25 well as the
data acquisiion was camied out using a PC-based
LsbVIEW system.” The configuraton is shown
schematically in Figure 2.

KEY INSTRUMENTATION — This experiment used a

. healed Bosch lambda sensor, LSM1i1, for exhaust

awffuel rafic determination. The sensor was connected to
& Bosch LA2 amplifier and heater control unit. This was
the primary measurement used to correiate with
measurad spark piug jon currant.

‘The ionization sensing portion of Adrenaline’s igmtion
system was configured by running an empirical set of
experiments. Configuralion consisied basically of sefting
the voltage applied across the spark gap for jon current
measuremnent and the lime defay between the initiation of
the spark discharge (ignition} and the recharge of the
secondary capacitor {see Fig 1). The best voitage and
delay time seltings, determinéd empirically, transtated o
values of approximately 200 volts and 300 us delay (ie.,
ion current data within approximataly five crank degress
after ignifion at an engine speed of 2800 rev/min).

Figure 2. Schematic diagram of dynamometer, engine control, and data acguisition systems.
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RESULTS

Spark plug gap lon cument data was colflected over a
range of airffuel ratio and torque set poinis. In these
experiments speed was heid constant at 2800 revimin
while air/fuel ratio traverses {1 = 0.35 to 1 = 1.10) were
conducted at discrete torque set points {approximately
40% Io G0% of ful load). Throttle angie was adjusted (0
maintzin the lorque set point as airfuel ratio was varied.
Spark liming was fored for all experiment test points
{spark sat point 3t appraximatey 29 degrees BTC).

Characteristic features of the jon current changed in 2
well-behaved manner as aiffuel ralic changed. Figures
33 through 3d show the spark piug gap jon current as 3
function of crank angle. The ionization curves shown are
40 cycle averages and each curve fepresents a distinct
airffuel ratio. Each graph represents a different load
condition. Overall, the characleristic shape of these
ionization curves indicate that chemi-ionization (from
species in the rmeacting flame zone) Is primarly
respansible for the measwed jon curent across the
spark gap under these lest confilions Other
reszarchers working with production automotive engines
have shown that the chemi-ionization portion of the ion
current signal is a strong function of aidfuel ratio.® The
results presentsd here for 2 smal ufiily engine also
show that certain features of he ion current may be used:
in conjunction with the appropriate algorithms or neural
network 1o approximate overall air/fuel rafic.

Several straightforward characteristics of the lonization
waveforn were analyzed as a funcbon of aiofuel ratio.
Figure 4 shows how the peak spark gap fon current is
influenced by aitffuel rbo. The peak cwrent decreases
significantly as a funchion of airffuel mtio as the mixhure is
ieaned out past =095 (appreximately). lon current
appears to peak in the range of 1 = 0.90 i 0.95 for these
conditions.  This was confirmed by other datz kom this
engine (partial data set taken garfier in the sxperimentat
program) which showed a dramatic fall-off in ion current
as the mixtore was made very rich (eg., 4 = 0.7).°
Figure 5 flustrates how the crank angle location of peak
jon current changes with airfuel ratic. In general,

;
:
E
§
i

H

fixed torque:. The e current integral ides similar
information o the peak cutrent because of the
characteristic shape of the curves and the fact that the
majority of the measured cumant is due o the chemi-
fonization (fleme front) effsct  Peak ion current, location
of peak fon eurrent, and ion current iniegral are three
simpie examples that comelate in some way with overall
airffuel ratio.
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Fig 37 — 3d. lon current waveforms (40 cycle averages)
as 2 function of aiv/fuel raio at discrete load poinls
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APPLICATION TO ENGINE CONTROL

SMALL UTIITY ENGINES - Spark gap wonization
sensing can be appfied 1o achieve the lower hydrocarbon
emission requirements of small uliity engines. These
engines as a class emit high levels of unbumed
hydrocarbon for seversl reasans. For example, very rich

(16)

arﬂuelm:xm:asaretyp:a!ymdfurplsbncoolhg
which may be critical at high power condifions but may
ool be required at lower power condiions. The
relationship between aiffuel ratio and spark gap ion
current can be used to control small engines at leaner
than typical airfoel ratios (which resulls in lower
hydrocarbon emissions) while at the same fime running
rich encugh fo provide proper piston cooling.  When rich
mixtures are not required for cocling or full power, the
igniion system with iorizaion sensing can control an
engine o run near the lean bum Emit o minimize
hydrocarbon emissions and maxdmize fuel economy. At
full power condiions or when addiionad cooling is
required (based on a jookup map or other sensor input),
the engine can be conirolled to run at richer mixtures
again ysing ionization sensing for feedback control.

i=095. This alows for an easy control sirategy to
operate within this airfued ratio range by maximizing the
ion current peak.  When richer mixtures are desired, the
masystemwmudmnkdbmermweofhsregmn
(pethaps using a predatermined offsef),
&:eulgraewtﬁbemmdbhleansdeofm
peak ion current using ionzation sensing in a partisl fire /

- mishire delection mode as the key feedback parameter to

cperate near the lean kmit.

STATIONARY ENGINES — Large stationary spark
ignited engines (frequently natural gas fueled) can also
use jonization sensing for air/fuel ratio control.  These
engines, witich already operate lean of sioichiometric for
good efficiency and overall iow emissions, are being
pushed even leaner o meet st NOx emission
requirernents, Open loop aicfuel rafio controf is typically
usad with salely margins to keep the
engines out of lean misfire and delonation conditions.
lonization sensing, on the other hand, can be used for
feedback control of airffuel ratio, on an individual cylinder
basis, with comespondingly smaller safely margins ‘o
operale closer to the lean Bmit resuiting in lower NOx

AUTOMOTIVE ENGINES - ionization sensing could aiso
be applied io automciive engines for air/fuel ratio control
— specifically cylinder-lo-cyiinder mixiure balancing.
Today's passenger cars require precise atffuel rafio
control for proper catalybc converter funclion.  Exhaust
gas oxygen sensors (ane of more depending on engine
appiication) are used as part of the engine management
system that keeps e overal aiffuel rmalio at
warks wek for catalyst operstion, & does not ensure that
each cylinder is operating 3t the proper sir/ffuel ratic.
lonization sensing and its relabionship o in-cylinder
airffuel ratio could be incorporated in a feedback loop on
a cyfinder-locylinder basis to maintain proper mixture
balance across the engine. A global oxygen sensor will
likely be required to maintzin the airffuel ratio precision
requised for the catalysL

JP 4246798 B2 2009.4.2

10

20

30

40



The use of ionization sensing for cylinder-tocylinder
mixture balancing suppiements cther potential uses of
the o current signal The igniion and ionization
feedback systern used in this small engine experiment
caontinues lo be developed for OEM passenger car
appiications. Delection of specific cylinder events such
as misfire and knock has been demonstrated using the
ion current signal. The ably to detect these 2bnormal
condiions using engine-wiie measures (e.g., block
vibration, crankshaft speed fuciuation, eic) = often
complicated by exiemal faciors whereas ionization
serising provides a more robust delection technique due
o is fundamental is to the combustion event In
addition, MBT spark iming. may be controlled using the
ion nmmtdatabemofismlahuﬂupbpeak

stathﬂcalmﬂzabcndafambatsadloﬂuﬂy:dﬁs!for
changes during the Me of the engine or tv diagnose
problems. Far exampie, an injector problem that woukd
cause one cyinder o either un exremely rich or
extremely lean could be detected with icnization sensing
withhepmperh!stou:lhn\ﬂedgeasmﬂed by an
advanced engine management These are only
afmmmplesofmmmmmhmmnt
data can be impiemented in automotive engine control
strategies.

SUMMARY AND CONCLUSIONS

ADual Energy Ignition system which includes circuilry for

Specifically, peak ion erank angle location of
peak ion cument and the ion cumrent inlegral are

Hi

lmhonmmgsakudyusedhervgmemdna
few limited . Techniques to measure the ion
current with greater semiwily higher signal %o noise
ratio, and over the entire combustion event continue to
be deveioped. The authors continue to study and refine
the: corretation of ion curment with key engine parameters.
It is expezted that ionization sensing wik be apphed more
broadly and in a wider range of engine conkrdl stralegies
in the near futura.
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