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1 Introduction

Every studenbf electricalengineerindknows thatlogic circuitscanbecreatedy switchesandrelays.Combina-
tional circuits — thosethat producea certaindigital outputasthe resultof somecombinationof inputs— arenot
difficult to imagineor design.A particularlycharmingdescriptionof thesecircuits,appliedto variouspuzzlesjs
givenin referencdl].



However, acomputingcircuit requiresomesortof statemadine wherethenext stateof themachinedepends
onsomecombinatiorof inputsandthecurrentstate.For example the Turing Machine, amathematicahbstraction
of thecomputeris a statemachine Thecommonbinary counteris anotherexample.It’ snotimmediatelyobvious
how suchamachinecanbe constructedisingrelays.

This paperdescribes 4-bit binary counterusingrelays.The completedcounteris shavn in figure 1.

Figurel: The RelayCounter

A drawing of the panellayoutis shovn in figure2. A pushluttonresetghe counterto zero. A telephonedial
mechanisnattheright sideallows the operatorto dial in variousnumberspp to atotal of 15. The counterelays
areRY1 throughRY8. RY9 is usedto resetthe counter The readoutof the countis showvn on four lampsof the
light barLB1.

The remainderof the circuit is intendedasa 1:16 decodey but was not constructed.(It would have put the
circuit beyondthe currentcapabilityof the power suppliesat my disposal.)

In theinterestof focussingonthe Main Idea,| have assumedhatthereadercantranslateschematialiagrams
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Figure2: The RelayCounter

into wiring diagramsandis familiar with the operationof arelay.

However, sincethis materialmay be of interestedo the talentedandinquisitive beginner, | will supplement
thesenoteswith more detailedtutorial materialif thereis sufficient interest. (For example,the ideasmight be
usefulin a sciencéfair projecton computing.)If youwishto encouragehis, sendmeemail.

Why Does The World Need This?

Therelay counteris a dramaticillustration of the progressof computingtechnologysincethe eraof relay com-
puterscircal940or so. It is hugeby comparisorwith moderncountersandconsume®rdersof magnitudemore
electricalcurrent.

It is also an entertainingexampleof a digital circuit. Nothingis hidden. An obsenrer can easily seethe
circuitin action. It’ s noisyandthingsmove. Thisis muchmoreinterestinghananintegratedcircuit driving light
emittingdiodes.

2 TheReay

A close-upphotograptof therelaysusedin this projectis shavn in figure 3. A diagramof therelayis shovn in
figure4.
Therelayschematicsymbolis shavn in figure5.



Figure3: RelayCloseup

Eachrelayis 3PDT (3 switchingcontacts gachwith two positions),with a nominally 6 volt coil. Therelay
terminalconnectionsreshovn in schematidorm andphysicallyon therelay; in figure 6.

Theserelayswere usedbecausehey were readily available surplusat very low cost. Otherswould un-
doubtablydo aswell.

3 TheRe€ay Flip-Flop

A flip-flop® is anelectroniccircuit thathastwo stablestates A simplerelayflip-flop shovn in figure 7.
Whenthis circuit s first turnedon, bothrelaysarein the de-enegized(relaxed state,andthe switchcontacts

1Also known asa bistablecircuit. This is actuallya moreprecisename,if somavhatlesscolourful, becausét contrastshis circuit with
its brethernthe astableandmonostable



Figured: RelayDiagrams

arein the upperposition. Consequentlybothrelay coils are enegized,andboth relayswill begin to closetheir
respectie switches However, the switchesarenot preciselyidenticalandoneswitchwill openbeforethe other

Let usassumedhattherelay B switchis thefirst to open. This disablespowerto the coil of relay A, ensuring
thatrelay B staysactivatedandrelay A staysde-actvated. This stateof affairsis oneof the two stablestatesof
theflip flop.

Now supposeyou force down the contactof relay A by pressingon the switch part. This mustde-enegize
relay B, whichthensuppliepowerto therelay A coil, ensuringthatit staysde-enegized. Thisis the otherstable
stateof theflip flop.

You cango backandforth betweerthetwo switchsectionf therelay. Whenyou pressdown thede-actvated
switch, it will latch theflip-flop into the oppositestate.

To indicatethe stateof theflip flop, you couldwire two lamps,eachin parallelwith oneof therelaycoils. To
switch stateelectrically you couldaddswitchesn serieswith the powerinputto eachof thetwo relays.

Toward a Toggle Flip Flop

A 4-bit binary countsequencés shovn in figure 8, whereA is theleastsignificantbit.

The least-significanstage(A) toggles(changesstate)with eachclock pulse. For the otherstagesa given
stagetoggleswheneerall the previousstagesareatlogic 1.

Thelogic for this is oftenimplementedusinga masterslaveflip flop. The masterslave flip-flop consistsof
two flip-flop latchessimilar to figure 7, plus somesteeringgates. Thefirst latchis known asthe masterandthe
secondheslave Datais transferrednto the masteron onephaseof the clock, andthento the slave on the other
phase (Any textbookon Digital Circuit Designwill have a descriptionof the masterslave flip flop.)

Thebruteforce way implementatiorof this in relaylogic might work, but it would requirea hugenumberof
parts. Eachflip-flop would requiretwo latchesplus the steeringlogic, for at least6 relays. A four-bit counter



Figure5: RelaySchematic

wouldrequire24 relays.A simplercircuitis in ordet

4 A Toggle Flip Flop

The previousflip-flop wassomevhatlik e awall switch: whenyou moveit to the ON position,it staysthere.That
is, it rememberdts setting,andit’s known asa latch or set-esefflip-flop.

Thetoggle flip-flop, on the otherhand,is like a pull-cord switch: onepull turnsthelight on, the next turnsit
off. Theswitchalternategtoggles)betweerstates.

It turnsout thatthe toggleflip-flop is ideal for constructinga binary counter A toggleflip-flop, usingonly
two relays,is shovn in figure 92.

Basically this circuit will togglebackandforth betweenwo statesevery time the pushhuttonis pressedand
releasedThe operationis somavhatinvolved,sowe’ll work throughit stepby step.

1. Whenthe power s first turnedon, the circuit is asshavn in figure 9. Thereis no pathfor currentthrough
eitherrelay, sobotharede-enegized.

2. Thepushhuttonis actuated Currentflows from the supplythroughcontactA2-A8, throughthe pushhutton,
throughcontactA10-Al, andenepizestherelay coil B. This causeghe B relayto actuate sothe contact
B10-B4closes.This configurationis shovn in figure 10.

2|f you have troublereadingthe schematicssendme a self-addressedrvellopeand! will sendamorelegible copy.



Figure6: RelayTerminalConnections

3. Now the pushluttonis released.Becauseelay B is enegizedandswitch B is closed,the openingof the
switchdivertscurrentthroughthecoil or relayA. Currentflowsthroughthecoil of relayA, contactB10-B4
andcoil B.

4. Theenepgizingof relay A causeshe A switchcontactgo close,asshowvn in figure 11.
Thisis stablestatezero: theflip-flop will stayin this configurationindefinitely.

Now considemwhathappensvhenthe pushluttonis actuatechgain.

1. Thecurrentflowsthroughthecoil of relayA, contactA4-A10, thepushluttonandcontactA8-A5, asshovn
in figure12.

2. Thisbypasseshecurrentaroundthecaoil of relay B, de-enegizingit. TheswitchB10-B4now opens.

3. Next, the pushhuttonis releasedCurrentstopsflowing throughthe coil of relay A andthe contactsof A4-
A10 andA5-A8 open. We arebackto the original configurationof figure 9. Thisis stablestatel. Again,
theflip-flop will stayin this configurationindefinitely.

The key featureof this circuit is this: the flip flops changestatethroughone completecycle every time the
pushluttonis actuatedwice (ie, goesthroughtwo statechanges).

PushhittonState Flip-Flop State
On
Off
On
Off

R ' O

The pushlutton switch canbe replacedwith a relay contactto a previous stagetoggleflip-flop. Theneach
stagewill toggleathalf therateof its predecesspandtogetherthey will countwith abinarysequence.



Figure7: SimpleFlip Flop

Therearea coupleof otherinterestingfeaturesof this circuit. First, noticethatthe flip-flops are eitherboth
enegizedor bothde-enegized:they do notalternateasonemight expect.

Secondthecircuit relieson a featureof the relays: the hold currentis muchlessthanthe pull-in current. It
takesa certainamountof currentthroughtherelay coil to getthe switchmoving towardtherelay core. However,
oncethe switch is actuatedthe magneticcircuit is closed,thereis no gapto overcome,andso the currentcan
decreassignificantlybeforethe switchreleasesThis providestherelaywith a certainamountof hysterisign its
operation.Thecircuit takesadvantageof this effect. OncerelayB is actuatedit cankeepB actuatedeventhough
its coil is in serieswith the coil of relayA.

I'd like to take creditfor this clever designbut mustdecline— it's from an old book on relay circuit design,
referencenow lost.

5 TheCounter Circuit

Thecompletecounterschematids givenin figure 13.



[D[C[B[A]

0/0]0

1

Figure8: Binary CountSequence

Figure9: ToggleFlip Flop



Figure10: ToggleSequenceButtonPressed

Figurell: ToggleSequenceButtonReleased
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Figure12: ToggleSequenceButton Pressed\gain
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Figurel3: CoijznterSchematic



Thefirst stageof the counteris triggeredby TD1. This couldbeamomentaractionpushlutton. However,
atelephonalial mechanismmakesa moreimpressie input switch. Dialing a givennumbercauseshedial
mechanismo generatehatnumberof pulses.Soyou candial in onenumber suchas4, andthenafurther
number suchas6, andthe countershouldshav the binaryvalueof their sum,10.

Therotarydial mechanisnis itself a clever pieceof mechanicakngineeringlts speeds governed sothat
it producesequallyspacedulsesasit returnsto therestposition.

Eachof thethreesubsequendtagef the counteris drivenby arelay switch contactin the previousstage.
For example theinput switchfor thesecondstageis RY8 contacts3 and5.

Eachcounterstagedrivesanindicatorlampthrougha sparerelay contact,sothe countcanbereadoutasa
binarynumberbetweerD (0000) and 15 (1111).

6 Resetting the Counter

The countermay beresetby removing power. In this circuit, the poweris suppliedvia the contactsof yetareset
relay, asshavn in figure 14. Whentheresetbuttonis pushedthis enepizestheresetrelay, which removespower
from therestof thecircuit.

Figure14: ResetCircuit

7 Binary to Decimal Decoder

The binary countmay be decodednto a 1:16 display by a further decodertree circuit. | didn’t getaroundto
wiring this up, but the schematids shawn in figure 15. It requiresa further 7 relaysand 15 indicator lamps,
assuminghatthe zerothstatedoesnot have anindicator

If therelayshadenoughpolesonly 4 relayswould berequired.However, sincel wasworking with relaysthat
hadthreepoles,| neededo usethreerelaysdriven simultaneouslyto make the fourth-level (rightmost)switch,

13



which requires8 poles. | alsoneededo usetwo relaysdriven simultaneouslyto make the third-level switch,
whichrequires4 poles.

This circuit hasotherapplications.It could be reversedso thatit has16 inputsandoneoutput. The inputs
arebe connectedo somearbitrarycombinationof logical oneandlogical zerolevels. Thenthecircuit becomes
functiongeneratoor lookuptable(lut) device. Theinputsof thelut arethefour logic signalsA,B,C andD —the
singleoutputis afunctionof thosefour inputs.

14



Figurel5: DefgderSchematic



8 Electrical Power

Eachrelay andindicatorlamp cantake a significantamountof electricalcurrentcomparedo today's standards
for electroniccircuitry. If you userelayssimilarto theonesl found,you’ll needa2 ampDC supply Thecircuitis
abit particularaboutits operatingvoltage, soanadjustablesupplyis best.l foundthatthe counterworksreliably
over arangeof supplyvoltages.

9 Historical Relevance

No claimis madethatthis circuit is in ary way historicallyaccurateor representsircuitsthatwereactuallyused
in relay computerslt simply demonstratethata sequentialogic circuit canbe constructedvith a smallnumber
of relays.

The sequentialogic circuits shovn in textbookssuchasreferenceg2] and[3] predatethe inventionof the
memory-basedtatemachineof Wilkes. As such,and becausehey mustdealwith the physicallimitations of
mechanicarelays,thereis a strongad-hocflavour to the sequentiamachinedesigns. In contrast,the Wilkes
statemachinedesignis a generapurposesystenmthatcanbe usedto generateary statemachineby changingthe
contentof thestatememory It is interestingo speculatevhethertheconcepbf thememory-basedtatemachine
would have influencedthe designof relaylogic computershadit beenavailable.
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