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INTRODUCTION:

All standard TR cars and i n f adatel9Oebasr |we rael |

fitted with the Kettering ignition systefmagnetic discharge ignition or MDIJ his system was
incredibly simple in design and also had excelftefiaibility on the wholeexcept fora problem.

It is the same problem shared by any mechanical contact that is switching an inductive load
Contact arcing and contact busncurs This degrades the quality of the electrical connection
and promotes unreliabilitppue to this disadvantageous feattirecar owner and or service
meclanicswould find themselves having to clean and adjust the distributor contacts at regular
intervalsand also replace them at regular intervals

Since the mid 196006s various i mprovements
the Kettering systenThesenclude many types of add oglectronic moduleslaiming to

improve spark energy, lengthen dpplug life, improve miles per gallon and decrease service
intervalsThe c¢cl aims didndét st op,higherehorsepowerasierot her
starting and better performance in cold weather were othensand that is not an exhaustive

list.

This paper looks at tHecience &Physics of ignition systerdesignsand with the aid of an
especially builiSpark Energy Test Machineseeks to determine what is true, what is not and to
break down the myths & legends in this fielsthere are many

1) MDI: Magnetic Discharge Ignition & Ignition coil theory :

The basic operatioof a Kettering systerahown infigure 1is that when the contabteaker
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The coil has a DC resistance of R Ohms and an Inductance of L Haimgegeneral shape of
this climb in current is an inverted exponential waveform. This conforms to the general
equationonebelow wtrerel(t) is a function of current with timandV is the applied voltage

l(t) =—(1-e*RY equ. 1

As time progresses the value in the brackets approaches 1, so theioukrapssimply settles
on the supply voltag¥ divided by thec o i rési§tancdR. At this point the coil is said to be
saturatedn that neither the stored energy or the magnetid for the current is changing with
time.

The coil depicted in figure 1 could equally well be the primary of an ignition coil. The resistance

R isthat of the copper wire that makes up the primary turns of theatthibugh there may be a

small amount ofesistance in the hookup wiring tdboshould be noted that the resistance of

copper wire increases with temperaturiee orange linén figure Ir e pr esent s t he coi
core.The capacito€ is shorted out by the contacts during the climb in curnethbaithis stage

performs no function.

At any point in time when the current value has climbed to some arni@nhe energyn

JoulesEL, that isstored in the magnetic fielof the inductance s equal to the wvalu
primary inductance L times the square of the current value divided by 2. This can be represented

by the equatio below where Eis the energy stordd Joulesn the magnetic fieldf the

inductance

EL =L equ.2

One disadvantage of the Kettering ignition system is that the time to reach some primary coil
current after the points close and hedeeelopsome amount of stored magnetic field energy is
shortened at higher RPMs. This is becausedin¢act breaker orgintsare closed for a shorter
period of time and so a lower magnetic field has developed in thisTmeespark energy
thereforefalls off at higher engine RPMs indtKetteringor MDI system.



Contact Breaker opening:

Thestoredmagnetic fieldenergycited inequation 4s released to supply the spark shortly after
the contacts open. When the distributor contact gpleesnagnetic field in the c@ls begimse
to collapse and back er{dr voltag is inducedacross thégnition coils terminalsThevoltage
induced across the terminals of an inductor is proportional tataef chang®f magnetic flux
with time. So if a magnetic field collapses rapidly the induced voltage can be very high.

On the primaryinding side of the ignition cothisinduced voltagéhas the reverse polarity to
the originally applied voltage'he negative side of the primary winding, which was previously
held at ground level (battery negative) by the corieehkey now swings to a higher positive
voltage than the battery voltage amdigher voltage thapositive ignition coil terminalvhich is
connected to the battery positive termiri2épending on theoil and thesize (capacitance value)
of the contact breakemapacitorthe peak voltage can be in the order of2@0500v.

On the secondary (high voltage smfehe coi) there is a large negative voltage peakhe
polarity of the secondary coil is wiredth this polarity and the primary voltage is transfed
up by the turns rati¢Tr) of the coil by abous0 to 100 times depending on the particular coil.

This generatedoltagefrom the collapsing magnetic fiettharges up the capaatce ofboththe
primary windin@ &ining capacito(contact breaker capacitaipd the secondabyéigh voltage
windingds) self capacitance.

Thisexchangefenergyp et ween t hat of the coil 6s magnetic
field effectively convertshe stored magneticeld energyinto electric field energyof the

capacitancedll of the magnetic field less energy losses in this processpisverted to an

electric fieldor voltage fieldat the point where the cgfimarycurrent is zero and the
capacitorbdés voltage has peaked

This electric field energyif not dissipated another waenreturrs to becomemagnetic field
energyagainin analternatingor oscillatingway because the capacitances and inductance form
an oscillatory or resonant circuit

Thisoscillatory processs exatly analogous to a mass oscillating on a spring, where the kinetic
energy of the mass is alternately exchanged with potential or elastic energy of the spring. In this
physical systeraxamplethere are times when the mass is not mogasgt changes direction

and all the energy istored at that momerd in the spring) This occurs in the electrical example
when allthe energys being stored at one momaasin the capacitor and the inductor or coill

current is zero and the magnetielfl is zeraat that moment.

The equation for energy stored in a capadtetectricfield Eci n t er ms of t he cap:
terminal voltager| and the capacitor valu@in Farads is



— equ.3

Equation2 and3 will come in handyaterin calculating the expected peak voltage on the

primaryor secondaryvinding of the coil when the magnetic field has collapsed and giveri all

its storedenergy to the electric fieldfthei gni t i on c¢ o iThi$peak ocaupsdumiat anc e s
cycle into the oscillation.

What is the Spark?

The spark itself can be regarded a®aductorthatdissipategnergyandit comes into existence
onywhen the coil s secondary voltage is high e
spark plug contacts to flash ové&his condition usually occurs when the peak voltadegh

enough taonize a stream of gas between the spptulgs electrodesrhe sparks composed of

ionized gass anccan be referred to dsfasmab. The pasma has the physical propertieagfas

but the electrical properties of a condudike a metal This is becausgass electrons have been
mobilized by the very high voltage electric fielle see a plasma or ignition spark as a sharp
blue/white line with an accompanying cracking soandia smell of ozone

Given the spark voltage drop is relatively stable during the 8psirk e x thentinereased spark
current corresponds to either multiple fine sparks in parallel side by side or a thicker spark with a
wider cross sectional area.

Thevoltage measured across a spark plug is fairly stable during the spark time and is in the order
of 1000V.An artificial spark plug can be made with 1004¥ner diodes.

An article onwww.worldphaco.netdescribes &park Energy TestMachine capable of

measuring spark energies in automotive ignition systumag the process of spark formation

by MDI or CDI systemsThis machine, along with an oscilloscopltows thorough

investigation of spark generating systems, including the total energies and spark time profiles

The spark energy test machi Aalespersmtmeanslist he s p
a very useful tool to study and compare thégrenance of a number of possible ignition system

options.



http://www.worldphaco.net/

IGINITION COIL PARAMETERS:

Some of the voltage and current waveforms seen on recordings of working ignition coils show
multiple features including various resonang@scillations) Firstly tounderstand tbse

recordingst is necessary to look at the electrical parameters of an ignitianTealignition coil

is a transformer with a large step up ratio. There are typically 50 to 100 times more winding

turns on its secondary than its primaryeing. Each winding, measured alohas a certain
Inductance and a certain DC resistance (of the copper wire). Then there is the important property
of Leakage Reactance which comes about due to lines of magnetic flux (I8akagéhich do

not link the two windings, figur8 below shows this feature:
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As indicated in figure3 the leakage flux results in a leakage inductdricand L2which appear

in series with the primary and secondary windings. When one winding is shorted out or very
heavily loaded the leakage inductance can be measured wholly in the other winding. So when the
secondaryvinding is shorted out the leakage inductanaa be measured with the inductance

meter in the primary winding astotal amount Li@nd likewise when the primary is shorted out

the leakage inductance Lis appears in series with the secondary winding.

With the ignition coil in use in the MDI systetine primary winding is shorted o(tb AC
currents) when the contact breaker closes and the Di=dattery voltage is appliet the



primary winding.ThereforeLis appears in series with the secondary winding. In addition at other
timeswhenthereisg@sar k | oadi ng t he andduététie fastthatthend ar y
spark plug voltage is fairly stable at 1808nd the spark in the distributor fairly stable with

about a 500V drop, the fixed 1500v load on the secondary effectively shorts out thaasgco

coil (HV) winding since the coil is attempting to supply 208wvmore so during this time the
leakage reactance appears as Lip in series with the primary winding.

In the case of the standard ignition coil, the magnetic circuit is not closed acall$hare

simply wound on top of each other on an iron bar shaped core anetimel geturn for the high
voltagewinding is connected to the coil positive to avoid having to have an@ititerminal

This alscallowsthe primary peak voltage (usuallg@ut 400v) to be added to the total secondary
high voltage (HV) outpytsee Figuret below:
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Standard oll filled coils wound on an iron bar have highvarallleakage inductances than
transformer coil§where the magnetic pathway is a closed ringking them quite unsuitable for
CDI use Despite this they have still been used in CDI systems were an aftermarket device is
added to the cafsee section on CDI Physics)

With no load on théellow winding, the primary and secondary windings have a total inductance
Lp for the primaryand Lsfor the secondargnd this is easily measured on the primary winding
with the inductance meter. Because the secondary inductance is so high often in excess of 50
Henrys mosinductancemeters are unable to measure it. However it is readily calculated by
mul tiplying the primary inductance by the
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The relationshif the totalleakaganductancesither appearing wholly in the primaor wholly
in the secondary is very simpléthere are N1 turns on the primary and N2 turns on the
secondary the turns ratio is N2/N1 which is typically 50 to 100 for ignition coils

Lip =(L1+6 L 2) L2=— L 1 +qu4.

Lis =( L2+ O6LU1)— = kg5

Thenotationé 2i n di c a ttiansppsedaiué of 12 &om the secondary into the primary

winding. This relationshigalso holds true for the primary and secondary DC resistances which

can be imagined to be transposed into either the primary of secondary wintargsRp is the

DC resistance of the primary and Rs the DC resistance of the secandady 6 Rp aed ORs
transposed valueshis is shown in the equatiofsand 7& figure 5:

R(primary) total=(Rp + OMpstR3— =equ 6.

R(secondary total=(Rs +6 Rp 3 Rs+ Rp— equ 7.

TRANSFORMER LEAKAGE INDUCTANCE & RESISTANCE TRANSPOSED INTO EITHER WINDING
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In addition there are capacitances of the coil windings themselves (due to the proximity of the
winding turns and the layers of tujrespecially in the very long secondary windifiere is

also the capacitance, typically around 0.22uF ofthéecont br eaker capacitor
coil primary winding. Therefore a comprehensmedé of the ignition coilmust take all of these
factors into accoungs infigure 6:

BOSCH SU12COIL DATA :

Rp =3 Ohms(m) Rs = 14K Ohms(m) IGNITION COIL MODEL

Cp = 0.22uF (m) HT

Csp=0.003ufc)  Cs = 50.6pF(c) Lip = L1+ L2(N1/N2)2
Lis =L2 + L1(N2/N1)ZCS

Lp =9.5mH Ls =68.6H(c)
Tr=N2/N1
Lip=1.6mH (m) Lis=10.2H (m) _
fp=2.36 KHz(m) fs=2.7KHz(m) fsc=21Khz (m) o
fpl = 8.4Khz (c) fsl = 7.0KHz. () fps = 29.9Khz(m) +
Tr (turns ratio N2/N1) = 85(m) 12V
(c) = Calculated value T B Cp
(m) = Measured value. M
FIGURES®G.

Deriving the calculated values:

Some parametsare easily measured with meters. Some must be calculated using var®us test
suchat he coi |l 6s ree Shese teststare lanewjtlusesmewave signal generator
and an oscilloscope.

Cs is thdanter-winding capacitance of the secondary oG#pis the interwinding capacitance of
the primary coil. Cp is the contact breaker capasiatue Lip and Lis are the total leakage
inductances of the primary or secondary winding referred to that wiatbngwith the other
winding shorted Lp is the primary winding inductance (secondainding unloaded) and Ls the
secondary inductangprimarywinding unloadegl.

fp, fs, fpl fsc fps andfsl are resonant frequencies that result from the capacitances tin@ing
inductances.

V



fpl is the frequency aheresonant circuit created when the total primary capacitance (Cp)+ Csp
tunes the primary leakage reactance Lip. Likevidses the frequency wdn Lis is tuned by the
secondary wi ndi ngThese wilebk discussegpbalow it sanmecsampl€ s .
recordings.

Equation4 is used to find the relation between inductalbbceapacitanc&€ and resonant
frequencyf:

f=

— equ 4.
I/I;'_|= a

The secondary wi ndiCscgndbesestimatediusing eqoatiqyidic i t anc e
capacitance results frothe proximity of the many hundreds of winding turns and the layers of
the windings

On testing the coil with a sine wave signal gener&teself resonant frequendy of the
secondary windings 2.7 KHz (open circuit primary) anthe inductancef the secondaris
68.6H. ThereforeCs (the secondary self capacityging equatiod is approximately60.6 @
Faradsor 50.6pF

The primary self resonant frequerigy is 29.9KHz with no tuning capacitand an open circuit
secondary Again usingequation 4 the winding self capacitance of the primm@sp =0.003uF.
This makes the total primary tuning capaebout0.223uF.

However f we use equation 4 walculatethe resonant frequency of the primary (inductance

9.5mH and capacitance 0.22F)we get a frequency of aboudlX Hz , whi ch doesnot
with themeasuregrimaryresonancép of 2.36 KHz. This is because of thgght coupling of the
primarytuned circuitto the secondary tuned circuit

On the other handhen we measuredtlsee condary coi | O6fsof27KHzdnant f
wasabl e to disconnect t he(whxhisthedbulkoftickedunihgdbs t uni
capacitance for the primarghd the primary windiny s capaditdnc€sp of 0.003uls not

significant Whenime asur ed t he pr i malwgstnabletoaesmovethemt f r e q
secondary o i sklf@éapaciancebecausét is thephysicalinter-winding capacitance of the

secondary coidnd not a discrete capacitbatcanbedisconneatdfor an experiment

There ishoweveraway toestimatewvhat the effect of the secondamyil and self capacitance
resonant systemight be expected to have on the primary resonant system. This can be done
with an equivalent circuitoncepto explain the pointfigure 7 below, withoutanycomplex
mathematics:
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FIGURE?Y.

Shown infigure 7 (1) above are twadenticalresonant circuits of the same L and C vainehis
examplewound on one magnetic caaed tightly magnetically coupledrhey can be linked
together as shown {{2) with no alteration to the function. They can be&lrawn as ir(3). Then
it is alsonoticedthat there is no current in the link connecting the edapr of the now longer
coil with the junction of the two capacitors as the voltagbaththese points is always
identical Therefore tis link can be disconnected as(#) and the circuit is stilelectricallythe
same.

Looking at(4) we now have a circuit with half the capacitance value (two capacitors in series)
but twice the number of turrad thereford times the inductance valukhe resonant frequency
of the system is one over root@ (.707) times lower than if thereanejust one LC resonant
system on the comather than twoThis is an interesting and useful findiagd is what one

would expect if the capacitance on one winding was simply doubled

If we multiply the calculatedvalue of the primary resonant systeiirthe ignition coilof 3.4KHz
by 0.707it yields 2.4KHz which is close to tlip of 2.36 KHz found with practicaheasurement
whenmeasuring the primary resonance

In additionfscis the measured value of secondary resonance when the primary coil is tuned by
the 0.22uF contact breaker capacdnd it is also lower at 2.1 due to the influence of the
tuned primary windingn the tuned secondary winding

Summary of ignition coil propertiesand fAexpected resonanceso

We have in essence an ignition coil whereuhmadedorimary and secondary coils resonate
with the associateslystemcapaciancesat about 2L KHz. So we could expect to see this
resonance during recordings or oscillmgntraces of a working ignition system.

We alsohave a situation also where if the primary is loadedé&wendaryeakaganductanceof
102 H would be expected to resonate with the secondary capacitab@®af and produce a

11



frequencyfsl around7.0 KHz. The primary is heavily loadedhen it is switched across th2\
to 14V DCsupplyby the contact breaker

We alsohave a situation with a loaded secondary (for example when the spark occurs) where the
primary leakage inductance of 1.6mH would be in resonancehatf.223uF total primary
capacitance so we could expect to see a frequieho§ around8.4KHz during the period that

the spark was presenilso with any resonancg@gscillations)seen we would expetitat they

would decline exponentially with time due to energy losses in the resistances of the colls.

The ignition colil in action:

The coil diagram of figuré shows the important features of the leakage inductances and tuning
capacitancedzrom the alternating current perspective the contact breaker capacitor Cp is
effectively directly in parallel with the small self capacitancehefpirimary winding Csp

because the battery voltage is a constiinéreforethe capacitoCp can be thought of as

connected directly across the positive and negative terminals of the coil likErespnly

difference is that when the contact opens thaciéqr Cp overtime also becomes charged to

12V which it would nobeif connected directly across the coil primary.

Whenthed g ni t i magneticdidldicdlapses after thentactopen for a brief time all of

the stored magnetic energy is converted to electric field energy of the primary capacitances (self
capacityand tuning capacitor) and the secondary (self) capacitance. But how is this energy
distributed between the electric field enespf the pimary and secondary capacitancesft

equal or some ratio?

We know that the voltage ratio or turns ratio of the cdll:&5 from primary to secondarly for
example the primary peakC voltage is one volthenat that moment the energy, from equation
3, stored i n tartas (ORR3ixpma Ty Jodes. Theppak secondary voltage is
85v.The ener gy i ncapatitencestgo@wm@@x 1y 6 & JoulesThese can

be added to find the total energy. Tgercentage of thiotal stored energy in the primary
capacitance is&% of the totaBmountand that stored in the secondary capacitanabasit %

of the totalamount

If the contacbreakerswitcheson the coil foromSthenthe current, according to equation 1
climbs toabout 77%maximum value 03.3 Amps. The magnetic field energy storédm
equation 2 is 0&R JoulesWhen this is releaseghdat its peakhen38% (0.019 J) of thisis
stored in the primary capacitance. Using equation 3 to solve for the voltage actosa the
primarycapacitanc€0.223uF)this yields421 volts peak on the primary amthout36Kv peak on
the secondary.

12



With resistive power loss (damping) thiem each full cycle of oscillation abod0% of the
amplitude is lostoverthe460uS periodWith each cycle the amplitude dropsatoout60% of its
previous valueThis is due to energy dissipation in the resistance of the primary and secondary
windingsand isa fine exampl@xponential decagnd dampingPractical measuremesihows

that the initialprimary voltagepeak under these conditions where 12V is applied for 5mS and
the contact opens is in the order 608. See figure8 below, y axis 100v/large divisioithis

reduced amounbelow the calculated24V, is explained by the resistive dampiridp spark is
allowed to occur for this test (coil HV outpwtire isdisconnected).

Primary Voltage

ON - “Contact” Closed
 — S——— —— V—— ————— .

OFF- “Contact” Open
" ——— — (——— —

Upper recording 100V/cm

FIGURES.

In this instance a transistor is being used to switch the coil on &hbféving the same effect as
a mechanical contacthe lower waveform is thdrive to the transistor. Whethis drive voltage

is high the transistor is switched on, when loig swiched off A shows the initial voltage
peaking after th&ransistor switches b{same asontacs openng) peaking to 360 volts. Some
small higher frequency resonances ares¢& most likely reéating to the leakage inductance
The decaying 2.1 KHz oscillations are s€eand the amplitude drops to about 60% of what it
was with each cycleBy D the oscillations have decayed away and thermghtive terminal
voltage settles on 12 volssd the coil current is zerdhe contactslose again &t (transistor
switches on) and the primary voltage on the ¢
(zero volty. This impresses 12V again on the primary coil and the current and magnetic field
builds up again.

13



We cannow refine ourcalculationof the initial expecteg@rimary voltageamplitude With each
460uS thevoltagelevel drops exponentially by 60% therefqust using the exponential function
that describes decayith time:

Q 8=0.6
tis 460 uS, so we can solve for the damping constant

| &=In(0.6)

8
| =

| =1110

A quarterof a cycleinto the waveforn{after 115uS}hen the amplitude would be expected to
be

Q p® =0.88

Therefore wevould expecthatdue to resistive dampingjatthe actual peak voltage we should
get¥ of a cycle into the oscillation will 88% of that calculated with no losséa/hich was421
volts):

0.88x 421V = 370V
Thisis close to theneasure®60 volts on th@racticalmeasurement of figuri@

The next series afnition coil tests involvedising100 Hzsquare waverive (equivalent to
3000 RPM in & cylinder car and 45 degree dwell anglering anON time (contact effectively
closed) of GmSand anOFFtime (contact open) of Bs. Thisalsoenabledhe oroff switching
events to be recorded and photographed one after thebgthetting the scode timebase to
2mS/div. Also a spark was allowed t@aur by fitting the spark plug and current sense resistor
series with a real spark plug (in air) to negative. Fi@urelowshows the result

Primary Voltage:

Spark Current

FIGUREDO. I on BB

ON
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There is a lot of detail in the recordingfigure 9. This is where we need to take full advantage
of out coil model of figuré to explain it.For the spark current recording 1 cm on the Y axis
corresponds to 50mA /cm

When the contadireakeropers (Transistor turns off)he voltage on the seconddhygh wltage
winding) peakswhich is off the visible top of the recording in figu#eA spark is generated
shownby the current recordingt E. The spark current valya negative voltage developed
across the 100 ohm resist@)zero until the spark is generatédtially there are oscillations in
the spark current, but the oscillateodo not stop the spaas the value durinthe spark time is
never zeroThe spark stops sudderdy when the secondary voltage falls tow|to maintain it
about 2.81S after the spark begin$he top recording shows the voltage on the primary
measured with respect to eaatind is 100 volts per cand the initial large positive peak if off
the top of the recording

The lower trace is thewitching voltage controlling the transistor switbtith asparkplug in a
combustion chamber, the spark voltage is higher (about 1000v vs 600V for onesnthe
spark time in the car is less than the 2.4mS shown in f@ure

When the spark occursegh g ni t i secondaryis lbadesl and the primary leakage

inductance.ip resonates with the primary capacitarteeamining theraceindicatedabout 3

&1/2 peaksof oscillation are seen in about 4000%is corresponds to a frequency about

8.7KHz The value calculated fdpl was 8.4Kdz. These oscillations are seen both in the

primary voltageat A and in the spark curreat E and they die away before the end of the spark.

The spark current then keeps the coil damped until the spark is extingUiekedoment té

spark extinguishethe ignition coil is undamped again and #pproximately2.1KHz oscillation

of this condition emergdsecausé he r esi dual magnetic field enei
generating the spark supplies this oscillatth enegy andthenagain it begins to decay

amplitude these are seerBa

Theprimaryvoltageon t he c oi | 0 satCrsetigsaon thesbatterly wltage (1234) |

there is no voltage across the coil at this tintee fransistor conduc{sontactbreakercloses)

shortly after point Ctaking thenegative terminal of the coil to near to zero volts. This impresses
the 12V across the coilhisagain damps out theIKHz oscillation although it had nearly
decayed away completely by thenyway Thenfor the next 5 milliseconds the current is

building in the coil and no oscillations are seen due to the heavy darfieg. the transistor
switchesoff (equivalent to the contact openirtge cycle repeats. HE transistor is turned off for
aboutSmSand turned on fobmSto create this repeating pattes®en in figure.
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Summary of coil testing:

As shown by way of measuremeétcalculation the ignition coil tested has a fundamental
resonance of around12KHz. With the points capacitor of tlwerrect valuehie resonant

frequency of botlthe primary and secondary windings (which influence each other) have a

similar resonance around this value. This resonance is easily seen in recordings. When the spark
is being generated the secondargdingis heavily loaded and this causes the primary winéing
leakage inductandap to resonate with the primary capacitance to generate 8.7 KHz oscillations
that are easily seen in the primary ciragttageand also in the spark curratgelf.

In theory there should also be higher frequency oscillations ar@<idd seen in the secondary

circuit if the primary circuit is heavily loaded@herefore atesomoni t or t he coi | 0s
winding might show this. To avoid damaging theeilloscopethe probe was simply placed on

the insulation of the HT wire to lightly couple the sigriegurel:

Transistor ON

Transistor OFF

Scope probe loosely coupled to HV, 500uS/div

FIGURE 10.

Referring to figurel0, when the transistor conducts the primangl secondargscillations are

damped ouand vanistand high frequencisl oscillations are in fact visible and these represent

the leakage inductance of the secondasy e sonating with the secondar
capacitanc€s The calculated value for this resmtefsl| suggested the value would be about

7KHz. They appear to be arouatiout7.4 KHz on the recording.
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2) STANDARD vsTRANSFORMER IGNITION COILS:

The types of coils suited to magnetic discharge systems are not well suited to CDI use. Standard
Kettering coils have a significalgakage inductance. This is caused by magnetic lines of force

linking onewinding such as the primary winding and not the secondary winding ansernsa.
This is due to the windings being wound on what amounts to an iron rod, rather than a closed
magnetiaing of ironsuch aghat used ira

ATransfor mer

Coi l

0.

In a transformer coil the magnetic circuit is closed by an iron core formed into a te@adg
the magnetic circuit is closed. Most magnetic lines of force therefore link both the primary and
secondary coil windings improving the coupling between the windings and improving the
performance when the coil is used as a transformer.

A comparisorbetween two similaBosch coiltypes, one a standadesignoil coil the other a
transformer coil is shown below in figuié:

PARAMETER GT40T GT40(oil)
Rp 3 Ohms 3 Ohms
Rs 8.56k 17.5k
Lp 13.5mH 8.16 mH
Ls 38H 73.6H
Lip 1.4mH 0.86mH
Lis 3.53H 7.92H
TR 53 95

FIGURE1L

(TR in the table is the o iturn® gtiofhe GT40T is a Transformer Coilhe transformer coil
by virtue of its higheprimaryinductancd.p stores more energy as per equatieo, although
the higher inductance slows down the build up of curfEme improvement for an MDI siem
using a transformer cas only realized atlolRP M6 s wher e
saturate the coil, see figut@ below (note this is actuaheasuredgpark energy, not coil stored

energywhich is highey.

t her e

S
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60 O o
SPARK ENERGY (MilliJoules). Standard Kettering, Bosch Test Coils.4CYL frequencies.

Dwell Angle = 60 Deg.
50 + - —

40

30 .} GT40 (OIL) ==
GT40T =~
20
10
O O""500 " 1000 ' 2000 ' 3000 ~ 4000 ' 5000 ' 5500 6000 -
FIGURE 12

One interesting feature is the lower turago and lower secondary resistairc¢he transformer
coil. Any coil resistance is disadvantageous as resistance dissipates heat ancheragtes e

Notice the much lower leakage inductah¢eof the transformer coilsthe standard oil coil.
This is another way of saying that the primary and secondary windings in a transformer coil are
much more tightly magnetically coupled than in a standarcbil.

The reason the energy is higher in the low rpm range for the transformer coll, is that it has a
large primary inductance than the oil coil, abd@5mH for the transformer coil vs abou8
mH for the oil coil, while their primary resistance value is the same.

So whilethe transformer coil is a gain ta MDI systemin the low rpm areanly, the gairthat
is really requiredto improvethe MDI systemnis in the high rpm area.

Theutility of changing from an oil filled coil to a transformer coil is limited in a MDI system.
Although dwell extension is helpful for both types of coils in the higher RPifesan

(This is not the case for CDI systems, see below)

InMDIsystems the energy iIis stored by primary wi
releasd laterby secondary winding curr enfheinuctivée he Adi s
relationship, specificallfeakage inductancerhich is high in the oil filled coil, is not a critical

factor.The energy is not passing through the coil at the one time as it is in CDI use.

The following figurel3 shows the superior Bosch GJR coil with anoptimized dwell HEI
styleinterface(see laterith recordings of the spark energy and peak spark current. The reason
for the latter is that spark currents are substantially higher in CDI than MDI. So the recording
here is a good referenta the optimal MDI system to compare withe CDI systemlater:

18



_Peak Spark Current and Spark Energy, Optimised Magnetic Discharge, GT40T:
Optimised Dwell & HE | Driver.

501

40 -

30 -
—— Peak Spark Current (mA)

20 —@— Spark Energy; millidoules (md)

10

500 1000 2000 ‘3000 | 4000 5000 5500 6000 RPM

FIGURE 1B.

Howeverfigure 13 above is an energy recording of an HEI style system where a contact breaker
is the source of the drive signal and a standard resistance coil is used and the dwell optimised
electronically. Higher spark energies can be attained where the driee $®a reluctor voltage

and the ignition coil is a low resistance primary type (1.5 Ohms or less) where the peak coll
current is limited by the HEI module and the HEI module optimises the dwell also, see below.
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3) COIL VOLTAGES vs COIL and SPARK CURRENTS:

Understanding the pattern of ignition cedltagess one issue explained abownfortunately
thereis an obsession with higher turns ratio and highgputvoltagecoilsin the perception of

the many in the auto electrical industry and coil manufacturers who boast of high voltages in
excess of 40Kv

The peak secondary voltage only has to be over ab#iut ttO15Kv toreliably strike the spark

via the distributor and sgaplug. 2Kv to 30Kv is perfectly adequater this taskand allovs for

lower battery voltages with crankin@nce the spark is struck the coil secondary is effectively
loadeddownto a low voltage of less than 2Kinfortunately there has been a tendeiaocy

people to pulll of f the spark plug cap and ass
Is a meaningless tedthe situatiorexistswhere a higher open circuit voltage tpsbtducedower

spark energy than another coil with a lower opecudivoltage test. For example the low turns

ratio of a GT40T coil compared to the GT40 is a good case in point Wiee@&T40Tgenerates

a lower secondary voltage batoducesa higher energy sparin both MDI and CDI us¢éhan the

higher output voltage GID.

A certain amount of current and voltage is required to maintain a spark. The cersergimne

profile of the spark for an MDI system (ignoring the resonances) shows it to decrease fairly
linearly with timeafter it strikes corresponding to enerdgss flom the collapsingnagnetic

field. When the spark current and coil secondary voltage fall low enough the spark extinguishes.

Attaining higher coil voltagefor the same physical sized catieansa higherDC resistance
secondary winding hich wastes more energy as heat lossasaddition the coil has higher
leakage reactance and this elevates the impedance of the coil outpdedreasethetransfer
efficiencyof soredenergy to actual spark ener(pee section on CDI Physics also)

One @mrameter & are interested in @il currentprior to the contact breaker opening and the
actualspark energyn Jouleswvhichresults This is because we can then know the stored energy

from equatior? and we cameasurectual spark energyith the machine or from and

oscill oscope r ec or dherefpre wd cantcalcelates tipaasfekellidenay u r r e n t
from the store@dnergyto real spark energyhe test machine can calculate the spark energy and
theexampleresults shown belowome with the aid of theestmachine Figure14 below shows

how the primary coil current climbs with time after the contact breaker closes in the standard
Kettering system with a standaBdschGT40 oil coil At 2000 RPM the coil current is close to

saturating
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Kettering: Dwell = 60
RPM = 2000.... 33mJ/spark

Coil primary

current:

FIGURE 14.

4000 RPM is showm figure 15:

Kettering: Dwell = 60 Deg. Coil Primary
RPM = 4000. 26 mJ/spark Current:

10mV

FIGURE15.

Figure1l6 demonstrates saturation of the coil current. No additional spark energy is gained by
this situation, only additional heat dissipation in the coil.
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Kettering: Dwell 60 Deg.
500 RPM.......... 38mJ/spark

Coil Primary

current:

FIGURE 1.

The energy stored is easily calculatedelqyationtwo. For example using the data from figure

11the GT 40, primary inductance aroun@r8H peak primary coil current at 2000 RPM (4cyl)

with a 60 degree dwellangles 3. 6 Amps and the stored energy
to the spark is3mJ and the measured spark energy is 33mJ per sparktsarsierefficiency

from stored to spark energg/about @%. (This ignores the energy loss oftheé st r i but or 0 s
component of the spark energy and lumps spark plug energy and distributor spark energy as one
item)

The following scope trace of figude shows a typical recording from a Kettering ignition coil
system of the spark current at 3000 RPM witB0 degree dwell angle, in this a case a Bosch
GT40 coilin the test machinélr'he peak spark current reachied0 mA

| Kettering Spark Current: [

’.._J-—___.——

Y axis 10 mA / large
division, X axis 2mS/
large division.

FIGURE Tr.
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The test machine simulates an actual contact breaker and associated capacitor so it allows the
coil negative terminal to oscillate below ground (negative) as it does with a real contact breaker.
When the device driving the ignition cgitimary, typically a transistor, has the customary
collectoremitter diodethis diode significantly damps the oscillation in the first part of the spark
time and while the spark energy remains the same the peak spark current is reduced to around 30
to 40 mA and the spark ment waveform adopts a nearly perfect inverted right angle triangle

shape with minimal oscillations on its leadiedge.

The transfer loss in the magnetic discharge system (in the transfer of stored energy to spark
energy) idargely dueto the resistancef the ignition coilsecondarywinding. Ohmic resistance
by definition dissipates energy as heat

Heating of the primary winding increases its DC resistance, so all other things being equal a hot
coll stores andhereforedischarges less energy than a dalehbient temperate) coil

Another featureoMDIi s t hat the energy increases at | owi
RPM the energy per spark with a 60 degree dwell has climb&lina/spark (cold) ah34.5

mJ/spark hot coil with the GT40 coil 60mJkpark(cold) and 50 mJ/spark hot with a GT40T

coil. Cooling the coil would in fact be beneficial for MDI.

Dwell extension can help a little in the higher rpm ranges > 2200 RPM (4 cyl) Extending the
dwell angle or dwell time will result in more storedergy and hence more spark energy

However in the upper rpm range (4iogder, 2200 RPM and above) this can only be done to
about a 67 degrees dwell otherwise by 5500 RPM the dwell time encroaches on the spark time
shortening the spark. When the sparg&hsrtened below about 1.25 mS duration, its energy
begins to fall away.

The maximum energy attainable fronfkaettering MDI style system occurs when the dwell is
elongated to the period of the ignition coil firing, less about 1.25mS to allow a spark time
However this is not efficient at mid range to
saturation thait needs too, heating it up more and lowering its efficiency due to increase in the
electrical resistance of its copper wire windings.

It is worth roting that dwell extension systems are only necessary because therde/dl a
contact breaker (or a reluctor drive in and HEI system) is shorter than ideal, especially in the
high rpm ranges.

The way to attain maximum energy frahe MDI system is wth a simple timer triggered by

contact breaker opening which keeps the coil in the switched on state except for a brief period of
about 1.25mS to generate the spark. Some use a figure of 1.Beftsv about 2200 RPM (4

cylinder frequencie& 60 degrees dwglthe coil is near saturated in that the coil current is not

climbing with timeto any appreciablamountand has reached a stable valligerefore

increasinghe dwelltime below 1500t0 2000RPMoe s nét al ter thdy. spar k
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Insteadreducing the dweliime reduces unnecessary heat evolution in theacalthat is helpful
for the life of the coil.

Thereforeif the ignition coil driver systenfixes the spark time at 1.25mitBe system works

well and is efficient over abo@200 RPMin a 4cylindersystem however below that there is

significant and unnecessary coil heating without adding any additional spark energy. This RPM
thresholdor transition pointitedis different for 6& 8 cylinder vehicles and also depends on the
inductance and resistance of the particular <c
switch overo at the appropr i iaa4yl60degreedivelli on RP
systemis shown below in the section on HEI ignitidrhis is oneoption for the TR4 for

electronic ignitionAs is the use of a reluctor distributor and an HEI module in conjunction with

a lower primary resistance coil, 1.5 Ohm primary such as the GT40RT.
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4) ASSISTED MDI (Kettering)

- Contact BufferAmplifiers & the Boyer unit:

If the contact breakeswitchesa small resistive load with a low current, say 50tnA50mA it
will not burn andt will stay clean for years. It is thought that a small current helps keep the
contacts of a switch operational, presumably by breaking down surface oxides. Also in
switching a resistive load rather than an inductive load there is no sparking or arcmtherhe
contact opens as there is no energy source for this to écsuitablebasiccircuit could be that

shown in figurel8 below:

Contact Breaker Buffer Amplifier:

Electronic Ignition, retains original contacts and capacitor in the distributor.

E12 V Ignition circuit

1

180

220

To Contact Breaker
O

(do not need to
remove the
capacitor)

Optional 0.22 uF

600V capacitor

6A10

)
GND

FIGURE18.

T1 could be a B640 and T2 a high voltage power Darlington, suchBg941. These devices
also have the collector emitter diode internally so the 6A10 diode can be omitted. The input
resistor, 220 ohmshould be 2 watt resistrthe180 a%2 watt.The base drive resistor for the
BU941 may need to be as low as 100 Ohmge to the220 Ohminput resistor value in practice
about 0.6 amps will run via the contact breaker (points) when they are closed which is a good

value.Arcing at the points is eliminated. The distributor capacitor can be left in situ because the
time costant of its value combined with the 220 ohm resistor is only around 50 micro seconds,

so the timing is nogreatlyaffected.However the contacts do short out a charged capacitor, if it
is left in situ in the distributor, but in practice this is not peatmatic.

Theoutputcapacitor drawn in red is optionabwever it does reduckepeak collector voltage

to around 200V whi

ch

keeps

t he

BU9416s

col

advisable to have zendiodeprotection on the BU94tb prevent the collector voltage rising
over 300 to 350 volts. FoubV 5w zener diodef seriesacross the collector to negative circuit
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work. Orl wattzenerc an be placed from the BU9416s coll e
itself into an active G0V voltage clamp.

Clearly the advantage of such a systemtis tha
is simply a plug in add omodule This has the advantage of keeping the original contact breaker
behaviour which not only is important in the timing but defines the dwell angle asntelhal

electronic moduleéHall or optical sensorg)laced inside thdistributor are more difficult to se

up and the dwell angle is often not specifiede fiadd o electric buffer amplifiekeepsthe

contact gap and factptiming & dwell spedficationsintact

There is a&commerciaunit made byBoyer Bransden isiot widely known of tatherTR owners
| have spoken withpossibly because Boyer mainly specialise in motorcycle ignition systems.
have also never seen them advertised in Triumph car related marketing.

This 7 x 5.5 x 2cm thick resin pottedwemodul e
LED which confirms the ignition is on and a red LED which only goes out when the contacts
closeand comes on when they opdihis is very useful to see that the contacts are working and

it is very helpful setting the timingThese are available for around $75 AUD from the Boyer
Bransden agents in Brisbarl®PMP (precision Performance Motorcycle PaBgyer Bransden
Electronics is in Maidstone, Kent in the UK.

The input current of the Boyer unit is around 0.06A which isalgalue.

| performed some tests on this y@gain using a transistor to behave as an electronic contact to
drive the unithe5mS on and 5ms off tim&nd with the spark plug & spark presesge figure
19 below.

Boyer Unit
Primary Voltage

Y =100V/ecm

FIGURE 1.
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When the Acontacto opens the voltage peaks wup
wire with respect to ground his peak is shown &t in figure 16. At this point the spark has
flashed over and begun

Looking atE there is no negative undershoot in the voltage because the diode in thenidbyer
across the collector & emitter of the output transistorducts. Somsecondary oscillations
related to the pmary leakage inductance aseenaroundpoint E.

However there is no primary 0.22uF tuning capacitor on the output of the Boyer unit so the
primary coil leakage reactance resonates at a much higher frequency with the small primary
winding selfcapacitance.

It should be noted that the spark energy is not significantly altered with a buffer amplifier. The
gain is in longer lasting contacts in the contact breaker.

The spark is occurring from around pointo just before poinB. When the spark exiguishes

the secondary alorresonateataround 27 KHz shown aB. The voltageon the negative coll

terminal agairsettles near to the 12V battery voltag€at The Acontacto cl ose
afterwards taking the coil negative terminal to near zero volts, the voltage |&udirathis case

it is actually about 0.8 to 1 volt above ground due to the collectoiter saturation voltage drop

of the presumed &lington output transiston the Boyer unix

As an experiment | added a 0.22uF output capacitor from the coil negative to groundie obse
the effect. This is sown in figuz0 below:

Boyer Unit
Primary Voltage
0.22uF capacitor
added to output

—_—p— P—tp |

Y =100V/cm

FIGURE 20.
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The capacitor has the three expected effdotstly is has the effect dbwering the primary
leakage reactancelatedoscillationfrequencywhich broadens the width of the high voltage
spike and lowers its amplitudalso the usual 8.7KHmpscillations reappean the primary
voltage In addition the undamped self resonance drops from around 2.7KHz to arbuiidiz2.
as expectedOne possible benefif the 0.22uF capacitor, which could equally well be added
across the coil primargs acrosshe pointswould be tohelp protect the output transistor from
high voltage breakdowrT.he photo below, figur21, shows the Boyer unit:

FIGURE21

The photo belowfigure 22, shows the unit mounted under the bonnet DR4A. The mounting
system for the unit as supplied i s Adoubl e si
mounting in a hot engine compartment. So | made a small metal bracket to clammaduaridt

to one of the ignition coil bolts.

=P

FIGURE22
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HIGH ENERGY IGNITIONS AND THE HEI MODULE:

Many cars post 1970 were fitted with a reludgtmide the distributor, rather than a contact
breaker. The reluctor produces an AC spike like waveform with a sloping profile in between.

Like any AC generator the reluctosutput voltage is proportional to the rate of change of
magnetic flux that theoil experiences. When the tooth like pole pieces in the reluctor are in
alignment the rate of change of magnetic flux is zero so the waveform crosses zero volts.

This wave shape caused the designers of the HEI system some headaches. One of the properties
of an AC generator is thabth the output voltage and amplituales proportional to the RPM.

This meant at low rpm and cranking speed tlveye dealing with a low voltage signal and later

at hi g hsigra pdiergially 20 to 40 times higher.

If, as was done in early transistor ignition amplifiers driven by reluctbesreluctor voltage is

processed so as to trigger at some threshotdg®| say 200 mV, then the dwghe time that

the reluctor signal is above 200mV and switches on the coil) éc43DM4 distributor,

measured on my distributor test machine is around 26 degrees at low rpm and 44 degrees at high
rpm. This is not enough dwell to attain high energy output frongtiigonc oi I  at hi gh r g

Toyota had solved thisasicproblem by1982. They produced a switching amplifier that

modi fied the dwell by storing ener dgoyncrease a Adw
the dwell in proportion to the rpnThe circuit showrlig 22bis from a vintage Toyota training

manual of the tira. They also noticed that manipulation of the dwell with this method resulted in

a timing error as there was a small amount of retard induced in the high rpm ranges, so they

added a correction network for this D3,R2 and C1:

Fig 22b
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