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INTRODUCTION :
Figure 1 above shows a view of the completed machine.

The sparkat ac a rspark plugs hot imised gaknown as glasmaln many ways
theplasma has the physical properties of a gas, but the electrical properties of a
metallic conductor as the mobilised electrons result in a highly conductive pathway

t hrough the gas. During t heaslseadghtkadds e xi



noise.The job of the spark is to ignite the fuel/air mixture in the combustion
chamber.

In automotive spark generating systemmet sour ce of the spar ki
some fAstorage reservoiro whipehodman be s
create the spark.

Electrical energy can be stored conveniently in the magnetic field of an inductor,
or just as easily in the electric field of a capacitor. Those systems, suchnaslthe
knownKettering system, store energy in the magnetid fo¢ an inductor (the
ignition coil) and are callechagnetic dischargesystemsOther systemthat store

the energy in a capacitor are knowrcapacitive dischargsystems. These still
require an ignition coil to transform the voltage to a high enough te initiate

the spark, but the initial energy storage is not in theamihgneticfield.

Over the last 60 years multiple spark generating sysfenaitomobiledave
been inventedmanyclaiming all sorts of improvements to a motor veligle
performance.

Examplsincludema ny af t e addaikitset devioms such as Dwell

extenders, odlectronicigni ti on modul es including CDI
ignitions). Some claims relate to improved mileslger and fuel economy. Other
claimsrelate to improving the life of the spark plugs, or improving the life of the
contacts in the distributor.

Various spark testeedsoappeared on the market some claimingaioalyse
spark® butfew if anyarecalibratel in scientific units of milliJoules per sparko
do this both the spark current and the spark voléagleduratiomeed to be
accurately measuremt knownand appropriately processadd displayed

The usual defect pointed out in the standard Kettering ignition system is that fact

that at high range rpmés there is | ess t
field of the ignition coil, so the spark energy drops off at high range RPis.

rising current in the ignition coil primary has an inverted exponential profile. At
lowRPMG6s it saturates to a fixed value,
nearly linear with time and reducing nearly proportionally to the RPM value.



Ot her Kettering defects <citeahdpgointcl ude
(contactbreake) bum due to arcingAlso 4 cylinder cars run a lower system

operating frequency, 16.6Hz to 166 Hz over the 500 to 5000 RPM aawgthe

demands are loweEight cylinder cars however have double these frequencies

allowing ashortertime interval time for magnetic energy storage in the ignition

coil in any magnetic discharge ignition system

I n thehdo9m®mnlsetti ng f or CDI 6whilema de c | ai
longer spark improves the combustion a shorter drasklengthenghe spark

plug life andthatthe short sparksisually aroun@00 to300microsecond®r CDI

(vs typically 1.5mS for Ketteringesulted in better spark plug life but poorer
combustionLateronmulis par k CDI 6 s wer e used.

In addition the energger sparkclaimsin some CDImarketingrelatedinsteacto

the energy stored in the CDIO6s discharg
but only a proportiomf this, typically 15 mJends up as spark energy due to

ignition coil and othelfossessothe marketingwas somewhat misleading

Before fitting a supposed spark enhancing device t@numph TR4A carl
requirad some evidential proof that the device or system inturess an
Improvement and a quantifiable measurementeftlagnitude of the
Improvement.

To this end theSpark Energy Test Machinewas designed and built. The machine
synthesises a distributor with a varying dwell arngltech can be used to drive the
standard ignition coil, or gnotherignition coil placed on a stage area on the@nit
front pané and coupled to the external spark plug assembly

Electronic add on ignition module€DI units or other modulesan also be tested
with the aid of the machiné&lEl ignition units can also be tested witpants
(contact breakeitp reluctor interface circuivhere the switching signal generates a
bipolarity voltage analogous to the output of a magnetic reluctor in the HEI
distributor.

The energy per spafkneasured in milliJoules per spark) is displayed by #park
testmachineove t he full range of RPMO6s and dw
machine has outputs for oscillographic monitoramgl data storag@&hese outputs



include the drive signal to the output stage synthesising the distributor contacts and
a spark current and igniticcoil primary current sample.

The machine computes the energy per spark and displays this in milli jad)es
The spark curreramplitude andime profile can be viewed on an oscilloscope.
These features are strikingly different between magnetic @paciive discharge
ignitions.

SPARK ENERGY:

I n gener al there are two aspects or pha
phase is the establishment of the spark. The voltage has to climb high enough to

strike the spark and to do tlthe capacitance of the ignition coil secandand the

HT wiring and the spark plug itself (about 10pF) the total being around 70pF,

must be charged to a high enough voltage. This could lé tt01%V or more.

When the spark strikes initially this process is very short lasting, less than a
microecond thenthe system capacitances are rapidly discharged down to a low
voltage of around 1000v with very high peak currents in the order of 50 to 100
Amps because the capacitance is suddenly shunted into a low impedance when the
spark strikes. The eleatrfield energy of the capacitanceq &.6 )/2 is

generally in the order of amilli Joulesdepending on the spark striking voltage

This energy is not the energy of thgark burn timavhich is the longer phase after

that, but it is probably importamnt iovercoming fouled plugs and initiating

combustion in some cases.

In general with a real spark plug running in the test machine the measurement
includes this component in the overall spark energy. However a Zener diode
dummy spark plug does not becauss tnitial short high voltage transient is

clamped off to the zener voltage. The diagram below shows these capacitances and
the discharge current pathways at the moment the spark strikes for a real spark

plug:
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Clearly if a resistor spark plug (usualibout 5K ohms) is usdbenthese high

initial and brief peak currents are significantly reduced. This is why resistor spark
plugs suppress radio interference. The initial energy then is dissipated largely in
the resistance and not the spissklf. The samapplies to resistive ignition cable.
Inductive ignition cable also reduces the peak currents. As shown in the diagram
though, all cable has some component of resistance Rw, inductance Lw and
distributed capacity.

In the test machinaising a resistor spaplug is also helpful in providing a Ballast
for the zener diodes if these are used as dummy spark plugs. In the case of the
zener plug with a resistor therefore the energy amount corresponding to this initial
spark phase (which would be present witha nen resistor plug and low

resistance HT wiring) can simply be calculated from the spark plug voltage before
& after the spark strikes and from the system capacitances and added to the total
measured amount for the spark burn time measured by the maddbwever,

since in practice most cars do use resistor spark plugs, the Zener diode dummy
plug method gives a very accurate assessment of the spark energy and no
correction factofor the early spark phaseeds to be added.



The SyntheticDistributor :

This was created with an XR2206 frequency synthefis& swep the range of
frequencies corresponding to 500 to 8000 rpn#foylinder motoifrequencies
This corresponds to a frequency range of 16.66Hz to 26@Hde 6 cylinder or 8

cylinder frequencies, if required, different capacitors can be switched on to pin 5

and 6 of the XR2206}:igure 2 shows the arrangement:
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FIGURE 2.

The synthesiser outputs a triangle wave which drives a comparator and the

compar at or oOfslicerlegeb sets thendwedl tinkeFhe dwell time
corresponds to the degrees of rotation of the distributor shaft where the ignition

coil is connected tb h e

car 06s

1 é cowrd sighal calleghppkdiny .

Th

(spark drive) ultimately drives a power output transistor (a BU941) which acts as
an artificial contact breaker.



In this instance 8A10rectifieri s pl aced i n seriesoasith
to isolate the internal BU94QollectorEmitter diode sdhatnegative going

primary voltages are not clamptagroundsothe assembly behave®orelike a
mechanical contadtreakerut with a small fixed forward voltage draojpe to the
rectifierandt h e B U SE4dmbisatiof/oltage drop

The BU941 emitter has a 10mR current sensing resistor (composed from a 42 mm
length of1.6mm diamete®.244 Ohm/m Constantan wjr enable the primary
coil current to be monitoreoh theext.coil current connectoysee figure 3:
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Measuring, calculating and displayingconsecutivespark energies:

Spark current can be easily measured by placing a low value resistor in series with
the earth connection of an actual spark plug (or dummy zener diode spark plug).
The resistor converts the current to a voltade voltage waveform can then be
processedSee figure 4:

t
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Since the spark voltage (voltage developed across the spark plug terminals) is a
near constant during the spark time this aidstiergycalculation as will be
shown.It pays to use a robust 100R 2W resistor, regardless of the power
dissipation being lower because if it goes open circuit the secondary colil voltage
materializes on thspkcur signal line.

If the spark currentwhich is a function of time an math noationl(t) is

integrated with time over the length of the sj@atdine, call this timetspk thenthis
yieldsthe total charge in Coulomif¥transferred across the spark plugs terminals
which is the shaded red area, figbre

Integrating Current with time yields Charge:

A

‘ tspk
S]’ARK ,p AREA = Q (Coulombs)
Current: /

I(t) -

time, t.

W, ka

v

FIGURES.



The standard configuration of the ignition coil in a negative grouncuoaing an
inductive dischargégnition systenis such that the coil high voltage sidea
negative goingoltageandthe spark current isnegativevalue as depicted in
figure 5.

On the other han@DI ignitions for example produce a narrow bipolarity spark, in

that initially the spark current is negative for a 100 microseconds or thereabouts

and shortly afterwards goes positive at a lower amplitude and for about the same
time couse. Therefore the spark currergnalmust be effectively full wave

rectifiedor passed vi a an bé&a@cditssantegrdated andthd ue ci
energy calculation performed, more about this interesting complication below.

In generalif the sparkcurrent profile was perfectly linear théme charge
transferreddue to the spark proces®uld simply be lpk.tspk /2 where bk was the
peak current andpk the spark time. It is noh reality perfectlylinearand it also
contains multiple oscillationis its early phaselrhese oscillations occur because
the spark effectively shorts out theo i seconslary circuit and the leakage
reactance appearing in the primary circuit resonates with the praiazry
capacitanceffor more detail on the l1dlectricd parameters of an ignition coil see
my article onCDI vs MDI on www.worldphaco.ngtFortunately he oscillations

do not affect the situatiaif a true integration is performed by an electronic
integrator over the spark time.

The spark time is convenientilgeasuredbecausepark current only exists during
the presence of the spark and vanishes after the spark time.

The generally accepted spark voltagep (ith the spark plug in use in the

enging is 1000v and the industry sidardidummy spark plugis composed of

zener diodes is 1000Figure6 below shows a dummy spark plug created f&fm

100V Zener diodesThe plug must have a bidirectional current conducting &

voltage drop property because some sparks are bidirectional polarity (such as those
from CDIG&s) One group of zeners simply
low voltage drop while the other group zeners at 1000v
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Differences between the real spark and the zener diodes:

In the case of theealspark, the voltage required to strike the spark is much higher
than the voltage across the spark once it has begun. In the standard Kettering
system an event occurs whitie contact breaker closdv is applied to the coil
primary and at this moment it is transformed upwards by the coil turns ratio and
appears as positivevoltage on the coil secondary. lfetlignitioncoil turns ratio is
85:1 or more then positivegoing 1020v spike appears on the secondBing is

not enough to initiate a spaok spark curreni a real spark plug, but can cause a
small amount of conduction for a brief period in the zenstesy. Examples of this
effect will beshown below in some oordings with a 85:1 turns ratio coil

Thetest machine incorporatesdualzenerplug system, one for the internal coil
and another for theptionalexternal test coil. In additioreal spark plugsith one
electrode removedereused to couple the conri@n into the zener arrags feed



through connectord his is so good insulation was maintained and standard plug
connectors could be used.

The plugs usedere 5K ohm resistor plugs, which are commonly encountered in
practiceand they are useful for RAlgpressiorbecause they reduce the peak

currents when the spark strikédso they provide a mild ballast for the zeners.

Even though the coil secondary in a coil such as a Bosch GT40 has a DC resistance
of 17k ohms, theplugresistor helps to isolate the distributed capacity near the

output side of the coil and slightly redstbe peak currents at the instant the

zeners conduc{Theseresistor plugslissipateor wastea small amount of energy

about 1.5 to 2milli Joules of spark energy per spark in the standard Kettering

system depending on the spark current and duration).

Figures7 and8 show the duatenerspark plugchamber

FIGURE?Y.

h

FIGURE 8.

The spark energy test machiescribechere workseaty identically with a real
sparkplug or the zener plug, but the zepérg is better as it does not produce
lonized gasewhich are quite corrosive to both zinc and copper surfaces

The spark currer(t), which is some function of current with tinsemes into
existence when the spark begins and finishes when the spark ends



SPARK CURRENT= I(t) equ 1l

If the currentunction I(t)is integrated over the spark tinygxt from zeroto tspk
this yields the chargdransferred across the spark during that process:

y OD)E O8A & Q(Coulombs) equ.2

Voltage has units of Joules per Coulomb so the product of charge and voltage is
energy in Jouleslhe spark energl¢ for a1000V sparkis:

% pmnnmn ) O8A QJoules)equ.3

If the sparkcurrentfunction|(t) is converted to a voltage by a semesrent
sensingesistorthen the voltage can be electronically integrated to yield the same
resultas equation.3

One useful feature is that as B ampntegrator is invertingthis deals with the
negative going voltage signal and converts it into a positive one.

In addition, because the negatW® ampnput acts as a virtual earth, the OP amp
may be powered by a single positive supply. Howeves itnportant that the OP
amps output does not clip to the supply rails and the OP amp should be a type
where the input voltage range includes groand preferably a little below

The circuitof Figure9 below shows the OP anypltageintegratorand equation
for it which will integrate the waveform over time regardless of its shape or exact
profile:



OP AMP INTEGRATOR:

11
1
c
Input R
Vin I' .' -
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t\‘pk
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0
FIGUREDO.

The integrator outpwnd the constaittecomes zero every time the integrator is
reset.The reset discharges the capacitor to zero vbltts.negative going input
voltage is integrated with timefter that

If Rs isa sparkcurrent sensing resistd(t) the spark currerfunctionand
substititing Rsl(t) in for voltageVin and due to the fact the sensed voltage is a
negative valuethenthe integrator output Vs positive and:

61 — 2§ 08\ 0 equ 4

The ratio of comparator output voltageto spark energy E

Thisis theVoltagelntegralequation 4ivided by the Energy equati@ As can be
seen it doesndét depend on the spark

tspk

1
Vo = — J Rs. I(t). dt
0
tspk

E= 1ooof [(t).dt
0

f

u

n



VolE = ——

Therefore with an Rs £#00R, R =100k, C= 10nF

Vo/E = 100V/J or 0.D Volts permilli -Joule

With these valuethe output voltage of thategratornas a scale @1.10 V/mJ.

Soal100mJsparkfor examplg(planing on a spark energy meter with a 100mJ per
spark full scale deflectigns a 10 volt deflectionon the integrator output (in range
for a 15 volt powered integrator OP angp)d the metedriven by the integrator
outputcan beeasilycalibrated accordinglyrzor example 40vfsd meter simply
requires a 100k seri@stegratorresistorand a 10nF integrator capacitor and full
scale deflection corresponds to 100mJ

A lower valueintegratorresistor increases the gain and this effectsoase use in
increasing the dynamic range of the allowable voltage corresponding to the spark
current Positive going components of spark curreah be compressed and
expanded again later. More about this below.

Sampling, storing and displaying the intgrated value:

To allow the meter to display a stable reading a spark is sampled and held every
other spark. During every other spark the integrator is reset. Timg tthagram of
this process created for thiss shown belown Figure 10



+7.5v “ LICELEVE “ E A ™ ™
TRIANGLE \/ \/ \/ \/
+2.5v {
DWELL

e S ] i o INZN /
l
L]
15v
SPRKDRV

-

_l/ SPARK CURRBJ@ O

15v

. I__I SPRKCLK —I —l I——I

Q l RESET INTEGRATOR |ENABLEINTEGRATOR|

a
|

l HOLD INTEGRATED VALUE SAMPLE

The integrated spark current, from every second spark,shown in the red rings, is stored in the sample hold.As the spark current time
integral is a measure of the total electric charge tra nsferred and the spark voltage is close to a constant during the spark, the spark
energy (Volts x Charge) is proportional to the integrated spark current. The S&H control timing is generated from Q & SPRKDRV
H.HOLDEN, 2012.

FIGURE 10.

The following circuit of Figure 11 below is based on a CD4013 and anCD4066 and a quad TLC
279CN. This performs the functions outlinedlie timing diagram ofigure 10.
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One advantage of the negative inputs of OP artopfigured with feedback as amplifiers or
integrators, provided the output remains within the confines of the allowed values, which for a
TLC279 is close to the supply rails, is that the input behaves awal @arth. This is an
advantage for integratijnnegative going voltage signals which have a very brief duration but a
high voltage which can be more negative than ground or more negative than a iypical

supply rail.

If the spark current were always negatilre design would be eaayd it would snply be a

matter of connecting the integrators 100K input resistor directly to the 100 ohm resistor which
senses the spark current. However one complication is that CDI units produce a dual polarity
spark.

The signal therefore needs to be full waveifiect or pass through what is absolute value
circuit with a negative going outpt ensure all waveforms presented to the integrator are
negative in polarity. While this can be done with series diodes, the voltage drop of the diode
causes errors in thraeter reading for low level signals, making the meter inaccurate in the low



range. In addition active rectifier circuits using op amps generally have output and input voltage
ranges that are limited by the power supply réilso if the detected voltage corresponding to

the spark current is made small, say by usid® ohm rather than a 100 ohm sensing resistor,
then any drifts or amplifier offsets and noise are much larger compared to the measured signal.

So the question becomed#iow to make a zero forward voltage drop full wave rectifier which

has a much wider input voltage range than thd 5Y powersupply rails? Given that the

integrator iswvell suited to dealing with a large negative voltage ratigmfor that polarity @

the spark signal it is merely a matter of clamping out any positive going component and ensuring
there are no significant DC offsefs BJT makes very effective signal clamp.

For the positive going component one solution which works very well is tqabéinthe

negative going component, then pass the signal via an inverting amplifier with a gain of 0.25.
This inverts the signal to a negative going attenuated signal. As the inverting amplifier (just like
the integrator) has a virtual earth input, theifpas signal voltage swing can exceed 4 times the
negative power supply rail value before the OP amps output saturates.

This means that the input compliance or dynamic range can approach 50V. In addition the loss of
the gain can be easily recovered. Duéhe fact the integrator aléas a virtual earth input, the

series integration resistor for the x 4 attenuated & inverted signal simply passes to the integrator
with a 25K resistorather than a 100k resistor used in the negative going direct non &tknua
channel. The diagram of the circuit which achieves this is shown below in Figure 12:

FIGURE 12.(see notes regarding precautions if real plug & not zener is used)



