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I INTRODUCTION 

The Problem 

In a grounded direct current syatem, intemal n10tor faults pre-

sent a special problem. A fault may occ11r which ia of such nature 

that it will not be detected by ordinary protective devices but. will 

nevertheless reaul t in poor motor operation or in the creation of an 

unsafe condition. Consider, for example, a direct current shunt motor 

with grounded trame operating in a distribution system which has its 

negative side grounded. If the winding insulation close to·the neg-

ative side of the shunt field should .tail., the shunt field would be 

comeoted to ground., and hence- to the negatiTe side ot the system, at 

this point. This would have the same result as reducing the number 

of shunt tield turns, and would. have an ettect on the operation ot the 

motor. Yet, such a fault M>ul.d not cause an appreciabl• change in the 

anount o! current supplied to the motor and would not result in the 

opening of a circuit breaker. There is, therefore., a need for a devic-

capa.ble ot detecting faults of the type Just described. 

Before considering a device for detecting the fault, it is 

necessaey to determine the symptoms ot the fault. The .following is at 

- once apparent. rr within a motor there is a fault connection to the 

grounded tra.me, this provides an a.ddit.ional return path for the current 

which is supplied to the t110tor, and consequently there will be more 

c_urrent in one of the supplying leads than in the other. To illustrate, 

it a current of 50 ampe;res .tlows to a direct curreat rootor through the 
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positive conductor, and it within the machine 5 amperes flow to 

ground and ba.ck to the negative aide of the ayetem, there will be 

only 45 ampere• in the return conductor. That is, the result of 

this type ta.ult is a difference of current in the two supplying con-

ductors. 

Theretore, it a relay can be constructed which is able to detect 

a ditterence in the currents flowing in the two conductors •hich supply 

a direct current motor, it will indicate a fault of the sort under 

oonsideration. In ahort, then, the problem ia to devise a direct 

current differential relay. 

The .3olution 

A fundamental r~lation in the theory of magnetic :fields is one 

known as Ampere's Circuital Law. !ti$ expressed by the following 

equation: 

f H Cos~I dl ::; 4 11' 
l 

I . 

In words the equation simply st.ates that the magnetomotive force act-

ing about any closed path in a magnetic field is equal to the product 

of 4 1"I' and the net current. encircled by the path. 

• This .fact is of significance in the designing of a direct current 

differential relay. If there is equal, (but, of course, opposite), 

current in the two leads supplying a direct current motor, the magneto-

motive torce about a closed loop around the two leads will be equal to 

lwilllam H. Timbie and Vannevar Busl;.. ?rinciples ot &ectrical 
.§ngineering. New York: John .1iley & ;";,.:ms., !no., Third i!..dition. p. 351 
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zero. If, however, there is a difference in the current in the two 

leads, a closed loop about them will enclos• a net current and there 

will be a magnetomotive force about the loop. 

Another fundamental relation in the theory of .magnetic fields is 

e,q,ressed. by this equations 

F = 
2 

BA· 
2 

• 

Th• equation has this meaning. The force ot attraction between two 

plane surta.ces of magnetic material., which are parallel to one another 

and which ar• separated tl"Olll one another by a short air gap th.rough 

which magnetic lines of torce pass at right angles to the plane sur-

raoes, is directly proportional to the square of the !'lux donsityJ (nt 
in t.he air gap and to the area;(A).J of the aurtaces. {The symbol4 re-

presents the permeability of air in the syst• of units employed.) 

Th.is i1 alao or significance in the designing of a differential rela,-

when it is considered together with Ampere•• Circuital Law. 

Let there be placed &boat the two conductors which supply a direct 

current .motor a magnetic circuit such as sketched in 1'~g'1re la. The 

entire magnetic circuit. with the •xception or the two air gaps, is 

made o# &om6 magnetic raa.terial. The strip which f oms the top of the 

.magnetic circuit is carefully balanced on a lmite edge as shown. ".men 

there ia a difference of current in the two supplying leads., a magneto-. 

motiv• force will act about the .magnetic circuit. Thio magnetomotive 



force will set up 1111.gnetic lines of force.land as a result there will 

b• a force ot attraction between the JDDvabl• and tixed parts or th• 

magnetic circuit.. If the movable •ember is sufficiently well balanced, 

the force of attraction will cause it to aove down again•t the fixed 

Therefore, a dmce web as pictured in Figure la will indicate 

a current differential by the JBO'Hment or a bal.anoed aember. If the 

device be provided with contact•, the result will be a direct current 

ditterential r$lay. 

4 





II 'l'Hi INV:STIGATION 

Prelillinary Co~siderationa 

In the preceeding section, the esaential components or a direct 

current differential relq ba¥e been mentioned. There must be a 

magnetic circuit ooa,posed ot t'WO parts. One of these parts, a fixed 

meaber, will h«.reafter be reterredtoas the core of the rcl.8¥; ·the 

• other, a movable membel", will hereafter be referred to as the anaature 

or the rela1. The core or the relq must be. ao conatructed that two 

supplying conductor• ,u.y b• passed through it. The armatuN of the 

relay muat be caretully balanced on a knit• ed&• ao that it can move 

under the action of small forces. Fil)&lly, the relay must be pro-

nded with contacts. 

PreliJainary calculations, (the nature ot which will be indicated 

shortly), showed that the amount of tore• between the armature and 

core of the relay would be Yery small. Therefore, the tirst step in 

constructing the relay was to find something ot which the core might . . 

be made, and to calculate the force ot attraction between an armature 

and this core tor an arbitrarily specified current differential. 

A burned out shell type.transformer, which had been part of the 

power supply ot a radio., was available. Although this core had three 

legs, the center leg could be removed which would leave apace to pasa 

two conductors through the relay. To get attraotion between armature 

and core., flux has to pass between the twos that is, the magnetic 

circuit ha• to be completed through the armature. Therefore, a slot 
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would have to_be cut through the core. and the logical place for it 

"WOuld be in the center of the largest exterior surface of the core• 

perpendicular to the long dimension. The reault of these ohangea 

would be the core pictured in Figure lb. Th• force of attraction that 

would be developed between the annature and on• of the attracting areas 

of the core was then determined by calculations baaed on the dimenaiona 

of the propoaed core and a••~tions oonoeming the length ot the air 

gap and the eia or. the armature. This infol'lll&tion is t".i ven on Figure 

lb •. The calculations follow. 

l. AHuaed current differential - 10 uperea 

-1•4r(I 

where mt is in gilberts 

wh~ I is in abuperes. 

Sino• l abampere • 10 ampere• 

and l ampere turn.., (Jui.: .4 'N gilberta 

.IIIDlf :z 4 'If : 4 7( gilbert• :: 10 ampere turns 

2. ttei'~r to figure lb. 

Length 01' llMNln magnetic path in core, (10).,-= 10 inches 

Area ot macnetic path in coris, (! 0 ); = 2 square inches 

Length ot JD.e&n .magnetic path in armature, (14 ~= 2 inches 

Area ot magnetic path in armature, (Aa) /s .07 square inch 

Length of air gap. (lag)J • .05 inch· 

Area of air gap, (Aagt= 3 square inches 

). Asawne a flwt.J ( ¢, }J ot 65() lines 
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Flux density (BJ .. in core • -9:.. = 650 • -' , A 2 . C 
325 lines/square inch 

Field Intensity ;(H),1in core 0 NI/inch 

(from B-H curve for annealed sheet steel) J 

NI in core • NI/inch x le~ 0 x 10 XO NI 

¢> = 6?9 = Flux density in armature • Aa .07 

9300 lines/square inch 

Field Intensity in armature= 3.2 NI/inch 

{from B-H curve for soft steel) 4 

NI in annature • NI/inch x la= (J.2)(2) • 6.4 NI 

Flux density in air gap• cp -~-Kai - 3 -
217 lines/squar.e inch 

(neglecting fringing) 
• . 5 

NI in air gap~ .313 Vag = (.313)(217)(.05) = J.4 NI 

4. Then NITotal = Nic f Nia t Nlag a O t 6.4 f 3.4 = 9.8 
This closely checks the NI available., (10), so 4> ::s 650 

is a close approximation. 

Then force.}.fAattraction is given by 

F• 8H'""1 

138 

4ibid. p. 138 

5ibid. P• 147 
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when B • flux density in air gap in lines/ square cm. 

A • area of air gap in sr-1uare cm.. 

; permeability ot air in c.g.s. system• 1 

then F .. force of attraction in dynes 

F• 
[,2.,i32]2 G X (2.54)j = 

(81'( ) (1) 
883 eynes 

.Since 1 dyne • (2.248 x 10- 6) (16) ounces 

F • (883)(2.248 x 10-6) (16) 0 .0314 ounces 

So tor a current differential of 10 amperes, tho a.munt of force 

between one of the attracting areas of the available core and the ant-

ature would be approximately .OJ ounces. This a mall i' orce points out 

the necessity for a carefully balanced armature. Although the force 

was verJ small, it was considered ou:f'ficiently large for sueces:s:tul 

operation of the relay, so materials for the remaining parts of the 

device were located. These materials were: a sheet of soft steel for 

the armature; four transforr.ier laminations for knife ede•, stops and 

supports; a sheet of stiff fiber for the supporting brackets for the 

fixed contact; and assorted nuts, bolts, anri washers for the contacts 

and for use in assembling the rela,. 

Construction of the Rel&¥ 

•rhe core for the r.elay was constructed from the available trane-

forr.iar core. To 1n&ke the transformer core stronger so that it would 

stand up under tr,e work tha.t would be done on it., an additioual hole 

waa drilled through each outer leg throur,h which bolts were placed. 
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Then the middle leg of the transformer was r01110ved, and a qu,rtor inch 

slot was milled in the .face of the transformer which had the largest 

aurf'aee area. The two attracting areas were smoothed by filing. The 

resulting core i• shown in r'igure 2a. 

A transformer lamination was used for the knite edg•• Segments 

were cut out ot the la.mi.nation and holas were drilled in 1 t as shown in 

Figure 2b. Then the laiuination was bent at right angles on the lines 

marked on Figure 2b, an~ the knite edge was mounted on the core as 

shown in F.lgure 2b. 

The armature of the relay was cut from a oheet of soft steel. Its 

lenath is roughly twice that ot the core, while its width is approx-

imately equal to that of the core. The moyable contact was .mounted on 

that end of the armature which i~ not to be attracted to the core. The 

armature is shown in Figure .2c. 

'l'o help keep the armature balanced, two s tope were fashioned from 

transformer land.nations. They are shown in Figure 2d. They were attach-

ed to the core in such a. position that when the armature is balanced 

on the knite edge., it Just rest• on the stops aa indicated in Figure 2d. 

Two bra0ket1 were made trom fiber for the purpose of supporting the 

tixed contact. They are ehown., together with the way in which they are 

attached to the core, in Figure Ja and Figure Jb. The fixed contact 

was mounted on a cross piece which was made of a transformer lamination 

that was drilled, bent, and attached to the bracket& as shown in 

P:i.gure Jc. The d1Jaensioll3 of the brackets, the core, and the armature 
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are such that when the armature is balanced, the fixed contact is 

directly above the monble contact, and separated .tro10. it by such a 

distance that the two contacts will touch one another when the a.na-

at.ure moves down a.gainat the core. 

The contacts were made in tlds way. A hole wa.a drilled through 

the armature and through the cross piece on the brackets. A special 

fiber washer such as shown in Figure 3d was placed in each hole. The 

holea ware drilled of such sise that the washers had to be .torced into 

tbea. Then a brass waaher was placed on what was to be the contact side 

of the special washer, and a fiber washer was placed on the other aide. 

The whole was fastened together by a nut and bolt., witb the bolt head 

on the contact aide. The slot in the bolt head waa filled with llolder 

and thus formed the contact. This type of construction insulates the 

contacts from the rest or the relay. The contacts are as shown in 

Figure 3d. 

Two photographs of the completed relay are ahown in Figure 4. 

Testing and Uesults 

The following test waa run on the relay. The circuit shown in 

Figure 5a was ••t up and the .tolloldng proced1.1re was tollowed. F'irst 

the armature of th• relay was ca.re!'ull;y balanced. Then with¾ open, 

-t\ was adjusted until a small value of current flowed. Notice that it 

1• open, the current fiowing in one lead through the relay will be 

equal and opposite to that flowing in the other lead. Thus the magneto-

aoti ~• force about the two leads will be zero and the relay will not 
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operate. Then Rz was decreased from ite open circuit value. If this 

is done, the current in the two leads passing through the relay ldll 

no longer be the same# and a. magnetomotiv• tore• will exist about. the 

two leads. -~ wae slowly decreased until the relay operated, at which 

point both ammeters were read. Tho actual difference in these two 

currents represents the current differential. !or which the relay will 

operate. 

Then R.2 was slowly iMreased, thus reducing the difference be-

tween the currents in the two leads passing through the relay. 'hhen 

the point was reached where the relay released, both 8flllleters were 

read again. The actual difference in these currents represents the 

value to which the current differential must be reduced for the relay 

to release after it has once operated. 

This procedure -was repeated for increasing values of total current 

and the results of thia test are tabulated in Table I., A. 

Now, the significant data which is to be obtained from the test 

just described are the ourrent ditterentials for which the rela~ will 

operate and release. In order that these differentials be det~rmined 

accurately, the rollow1ng was done. The circuit shown in Figu,re 5b 

was set up. The resistance RL was adjusted so the current in the cir-

cuit Yaried through the same range as in the preceeding test. At regu-

lar current intervals both w1111eters were read. The data obtained is 

tabulated in Table I., B. From this data a curve of readings of Ammeter 

ttl" against readings of Ammeter "2" was plotted. 'l'his is the curve or 

Figure 6. 
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The curve was used in this way. &lch reading ot AmmEtter 11111 in 

the relay test was converted b7 meaas of the curve to that value which 

Ar.lmeter "2" would have read had it been located in the position of 

"l". The difference between the corrected r6ading of Ammeter lfl" and 

the reading ot Ammeter "2~ is the truo current differential tor which 

the relay will either operate or release. This data is tabulated in 

Table II. 

The curve or Figure 7 is obtained froai the data of Table II. 'Ihe 

two current dif!erentialsJ that for operating the relay and that tor 

releasing the relay, are shown as functions of the total current sup-

plied to the load. The information presented on this curve is that 

which defines ~he operating characteri~tica of thtt relay. Two facts 

1'0JJ;1' be determined .troin this curv•• First: the relay will operate when 

the current differential becomes as large aa approximately one and 

one--half amperes, and will release again when the differential ia re-

duced to &pproximately four-tenths ampeNus. Seconds the current dif-

ferential at which the relay will operat• or release is independent 

of the magnitude of the total current. involved. (Although there is some 

point to point variation in the differentials, this variation is slight 

and does not indicate any definite trend. Jince the current differentials 

are very small in comparison with the total current involved, the small 

variations can easily result from slight inaccuracies in reading meters 

and in converting one am,aeter tr, the standard of the other.) 

These results agree with what was expacted. ,\lthough preli.JD.inary 

calculations demonstrated that the fore es involved in the operation ot 
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the relay a.re veey small, they will be su!ticient it the armature is 

well balanced. The fact is, of course, that it al'l armature were 

balanced more care.fully than wa.a the armature employed, oparation 

could be achieved !or smaller current differentials than those required 

for this relay. The fact that the current diffe.rentials did not change 

with the amount of total current involved is perfectly logical also. 

For a given rel,q, the force which operates the relay depends upon the 

flux densit7 which in turn depends upon the axoount of magneto.motive force 

available. Since the .magnetomotive force is a direct function of the 

net current encircled by the relay, a current ot 52 amperes 1n one lead 

and 50 in the other will produce the sam.e force as would a current ot 

22 amperes in one lead and 20 in the other. 

In testing the relay two other facts were noticed which are of im-

portance. The first of .these is this. It as the result of some fault 

there is a large difference in the two currents which pass through the 

relay, it will r911ia.in partially nagnetized after the differential dis-

appears. If the metal used in the relay has a high residual fll&gnetism, 

the result mas be that the relay ldll not release after a large current 

differential. has occured. Demagnetization of the core and armature will 

be necessary before tho relay can be used again. Thie m.eans that the 

materials out of which a relay is to be constructed •houl.d be chosen with 

this conaideration in mind. Inv•atigation of the current differentials 

which will cause relays of different materials to require demagnetization 

tor turther operation would be & neccessary preliminary to commercial 

production of the relay. 
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TABLE I 

A 

Uncorrected Data; Reaulta of Test ot FiW• 5a 

Operation R.el.saae 

Amaeter "l" Am1u.tol" "2" .Ammeter "l" 

Amperee 

6.5 u.; 
16.l 
21.4 
26.4 
31 • .3 
.36.0 
42.0 
44.5 
i.s.1 

Amperes Ainperea 

5.0 5.4 
9.7 10.1 

l.4.J 14.5 
19.0 20.0 
24.0 25.0 
28.7 32.2 
JJ.7 35.2 
)9.l 41.1 
,42.0 43.7 
46.l 48.0 

B 

Calibrating Datai Results of Test ot Figure 5b 

Ammeter "l" 

Amporet.t 

5.2 
10.3 
15.0 
20.l 
25.0 
,30.0 
35.0 
40.9 
45.9 
/.+8.7 

19 

Ampere• 

5.2 
10.0 
11 •• 7 
19.5 
24.2 
29.0 
34.0 
39.3 
44.5 
47.6 

Ammeter "2" 

Awp•r•• 

5.0 
9.6 

14.2 
19.0 
2J.8 
29.l 
34.0 
39.4 
42.l 
46.5 





TABLE: II 

Corrected .Data !o~ Test ot Figure 5a 
~eration 

corrected Readings 
ot Ammeter 1t1" 

Amperes 

6.4 
11.2 
15.7 
20.8 
25 • .5 
30 • .3 
35.0 
40.5 
43.1 
47.6 

Ammeter 1tl" 

Amperes 

5.4 
9.8 

14.2 
19.5 
2.4.2 
31.2. 
34.3 
39.6 
42.4 
46.9 

* in error 

? doubtful 

Ammeter n211 

Amperes 

5.0 
9.7 

14.3 
17.0 
24.0 
28.7 
33.7 
39.1 
42.0 
46.l 

iieleaee 

Amllleter "2" 

Amperes 

5.0 
9.6 

14.2 
19.0 
2.3.s 
29.l 
34.0 
39.6 
42.4 
46.9 

21 

Uif!erential 

Amperes 

1.4 
1.5 
1.4 
l.8 ? 
1.5 
1.6 
l·.J 
1.1+ 
l.l ? 
1.5 

Differential 

Amperes 

0.4 
0 • .3 
o.o * 
o.; 
0.4 
2.1 * 
0.3 
0.2 ? 
0.3 
0.4 





The aeoond fact i• thia. Sine• the amatur• has a certain mase, 

the speed at which tho relq oper&t•~ d~pend• upon the forces aating 

upon the armature. Therefore, the emaller the current differential, 

the amaller the force, and the slower will be the operation of th• 

relay. If to speed up the operation of the rel.&¥, the armature were 

ude aaaller, thus reducing its oroas sectional area, thare is thie 

to cona1der. An e.xa.ndnation of the prelillinary calculations will show 

that reducing the croas sectional. area of the armature will reduce the 

amount of flux and the &JYQUnt of force which operiltea the relay. Of 

course, a fault which would cause only a very alight differential in 

current would not be ot auch nature that a lag of nen. one eeoond in 

the operation of the Nlay would be crucial. Also, a fault requiring 

taster operation would be characterised by a greater current different~ 
; 

i&l. which would autoaatioally produce faster operation. However, in-

vestigation of the proper aise of the armature tor qu.ickest possible 

relay operation would also be a necessary preliminary to commercial 

production. 



III utSCUJSlOli, CR.tll9I~, A:,i;_, APPLICA.'l!ON 

3uggested Co•orcial Design 

The reaul.ta obtained troa th• direct current d1tterential r,u.a.y 

which ""14 constructed as a test model indicate that a co.mmercial re-

lay of this type could o. bu1l t Wlieh llOuld be or praot.ioal ,1••• 

That ia, it a mod-1. made by an unolcilled workaan t"rooi material.a chosen 

largely becauoe of availability is re9POnaiv. to a current. difter•.ntial 

and one and one-hal/ &t:\f)erea, it •hould possible to make a relaJ 

responsive to current difter•ntiala ot well under one-halt upere if 

th• be•t or materials and precision workmanship are available. Ho..., 

ever, there ia at l&et one aeriou• disadvantage in tbs gen•ral 

of the test Nl.ay which JAU•t be overcome in a pn.ctical. mod•l. 

Th• disadvantage 1• this. It th-, relay is to .operate succeastul• 

l.y, the ariaature lffllSt be very caretull.y balanced. On the test relq 

this balance we.a ach1ev•d by rusting the armature on a kni!• edge. 

~•edl.ess t.o a&ir, a alight Jolt. llllOuld upeet the balance or the v.NI\Qture. • 

But in any tndu•trial applic&tion tor lbich the rel~ might be used, 

a certain a.mount of vibra.t.1on alVi jarring is inevitable. This con-

aider<ition alone would rule out the test 1nudel as a practical d.vice 

unless cert.aln IIIOditications were 1iad•• !,1 addition i.O thia, there 

a.r• aertain other .features which.would be desirable on a pra.ctic&l 

model tha.t oan be oore convenientJ.,rprorld•d on a rel&y of slightly-
, 

Th••• tea\Ures are the toll.owing. lir•t, it i!J gcnera.11¥ pr.-
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f •rable to hav·e the contacts of a relay mounted so that the separation 

between them is a vertical one. It this ia done, muah leas dust and 

dirt will collect on the contacts than will if the separation betw•en 

contact• is bori zontal ae is the case on the t11st relay. Also, the 

flexibillt1 of the relay would be increased if it were possible to 

adjuet it for operation at various current differentials. Although 

this could be done on the test model by means of a spring com1ect•d 

between the brackets a:1d the arntature., such adjustment can be more 

convenienti,- acco.11pliahed on the model which will be described present-

ly. Finally, as mentioned in the section which preceeded this, it 

would be desirable to reduce the mass ot the armatuN of the relay with-

out reducing the toroewhich operates it a corresponding a.110unt, there-

by increasing the apeed at which the relay will operate. A commercial 

relay ahou.ld provide all these feat.urea in addition to having its arm-

ature mounted in such a way that vibrations and jarring will not attect 

the operation ot tho rela,. 

All these things are possible if the relay is constructed ae shown 

in 1'~igure 8. Here the core, is of circular fora with a circular ga.p 

cut. in it. Located in this gap is a .1118tal ya.ne, the armature of the 

relay, which is mounted. on a shart supported in jewelled bearings. The 

vane is held in a position slightly oft the Yertical by means of a 

spiral spring. An arm is J110unted on the &haft which supports the arm,.. 

ature., and on the end of thi~ arm is the moYable contact. The fixed 

contact is so mounted that the movable contact will move against it 

when the armature rotates. 
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The operation of the relay is exactl~· like that of the test 

model. The two leads which supply power to a aotor are passed through 

the rel~ coro. ¥ihen a current differential exists the vane will 

rotate in a clockwise direction thue bringing fixed and movabl• contacts 

together. In this reiay, however, the armature is delicatel)T, yet 

solidly, balanced, the separation between contacts ia vertical, by ad-

Ju1ting the ten31on of the spring the di.ff erential current for which the 

r-lay will opel"ate can be varied, and the armature can be made light 

without reducing the operating tore• to the extent that would be done 

on the teat model. Finall.y the core of this relay can be hinged in such 

a. way that the rel8¥ could be installed by siJlply clamping it around the 

two oonductore which suppl,}' power to the de'Yic• to be protected. 

Use of the itel<q 

In practical applications, the direct current differential rela~ 

would be used in conjunction with another rela7 and a circuit breaker. 

The core of tho :second rela1 would be energized through the contacts of 

the differential relayJ a.nd the circuit breaker would be tripped by this 

second relay. The action would be this. Upon the occurrence of a 

current differential, the differential relay would operat•• This would 

cause the core of the second relay to be energized and its cloainR would 

open the circuit breaker. 

A Specific Application of the Rela,6 

As an illustration of the use of the direct current differential 

6see Appendix I 

26 



... ,. + • • • -.I • • • j • • 
• • +- • -+ • • • 

+: • ::: • 

. -:-+ : : : ... :1:. 
+--+ ••••• •t---+•·· 

·-. ••••• + --

•.. :.· ··1.··' 
.... ]_:~ • .. ~-

' .. • • I ., .. , ' 
' . 



relay, conaider the follo,wing application. The distribution of di:rect 

current energy underground in coal mines is ~mewhat as indicated in 

Figure 9. That i•, the main distribution line will run down a central 

passageway with an overhead trolley wire serviug ae, the positive con-

ductor and with a grounded rail serving as the ne6ative conductor. 

Distribution to machiner,f in corridors where mining i~ being done is by 

means ot a two conductor cable, one conductor of lfhich is connected to 

the trolls) ,rire, the other of which ia conneot'3d to the rail. 

Consider that insulation .fails or rubs off a conductor somewhere 

within the motor on the pieoe of mining machinery. The point at which 

the insulation rubs oft will be at.something above ground potential. 

This point will be connected by a high resistance return through the 

f~meof the machine, to ground, ancl back to the Brounded rail which is 

the n~gative 8ide of the syat8Jll. The c:irrent which flows in this path 

b small becaua. th• path is a. poor one. 

But, when the insulation fails or rubs oft a conductor., the frame 

of the ma.chiae is established at a potential a.'r>ove ground, which makes 

it possible £or a worlon&n to get shocked aud perhaps injured or killed. 

To prevent this, present safety codes require that a third conductor be 

provided which will connect the fratae of th.; machine to the grounded 

rail, the negative side of the sy$tem. This connection will pre•ent 

the frame of the machine from rising above ground potential and will 

ell.minate the possibilit7 of a workman being shocked. However, it will 
I 

do aomethi:.g else as. well. This connection ohanges what otherwis• 

would be a high resistance return from fault to the negative side of • 
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the ayst• into aoaething close to a dead ahol"t circuit.. The small 

current. that. previously flowed will become a large one, possibl.1 large 

enouah to cauae an aro between the conductor and true. It this arc 

eJd.ats tor an7 length of tilN., it will burn through the trame ot the 

machine and be exposed to the surrounding atmosphere. Thie could cau•e 

an eJQ>loaion, in .mine atmoapherea. 

Therefore, inat•d ot connecting a third conductor between the 

true or the machine and the grounded rail, auppoae that around the 

two conductor cable which supplie• the mining •chine with power 1• 

placed a direct current differential i-elay. This relay will be adjuated 

to operate at a current differential subatantiall.T less than that 

current. which will cauae a fatality •. Then it insulation weakens or 

ruba oft a conductor and a ground current flows, there will exist a 

current ditterential through the relay. The rela,Y will operate and,; 

through the process described in the preceeding section., the machine 

1'ill be diacoMected from itu source of power. Thus the use of the 

rela_y prevent• the posability or.a workman being •hocked and does ao 

'Wit.bout increaaing the danger of a Jaine explo1ion. 
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IV COMQLUSIOK:i 

Since the teat 1nodel of a direct current di.f'.terenti-1 rel&y 

displayed good operating cha.ract•ri•tics, anu since these character-

iatics oan be greatly illpro~•d aa a result of the further in~estigation 

and chsmge in relay design which ha'H been suggested in thi• paper, 

it is concluded t.hat the direct current ditterent.ial relay would be· 

& pra.ot1e&l dnice, c&pable ot fulfilling an i.Jlport&nt control function. 
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V SUJO(ARY 

In a grollllded direct current ayst•, 110tor faults may occur which 

will not. be indicated b1 ordinary protective devices, but which will 

attect motor operation or create unsafe conditiona. All such faults 

are mani.teeted by the fact that the cUl"rent in one lead supplying the 

.motor will be greater than that in the other. 

This current differential can be made to operate & direct current 

ditteren\ial relay. About the two supplying leada, when such a fault 

occurs, will met a magnet01D0tive force. 'nus .mmt will set up a flux 

in the core and armature of a relay which forms a iaagnetic circuit about 

the au.pplying conductors~ • Since the ar.111&ture ot the relay is balanced 

on a knit'• edge, the force ot attraction between core and annature which 

1• caused by the flux paeaing from one to the other will move the am.-

ature, and in ao doing cloae a pair or contacts. 

A 110del relay was built which operates on this principle. Testing 

demonstrated that it would·operate on a differential o! appro~tely 

one and one-half ampere• and that the relay would release when the dit• 

terential was reduced to approxill&tely four-tenths a.per••• The test 

&leo showed. that theoe di.fterentiala did not vary when the total currents 

inwlYed changed. 

These results indicate that a relay built with a slightly different 

design, (so as to overcoM the shortcomings of test .rrodel.1 notably the 

insecure arlGature mounting, and so as to provide certain other features, 

such as control of the current differential for which the r•la¥ will 



op•rat.e), would be responaiTe to current dittorentiala o! less than 

one-halt ampere. Suoh a relay would be a practical device and would 

be capabl• ot pertondng, in conjunction with a aecond1 conTentional., 

relq and a circuit. breake1", an important control function • 
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APPENDIX I: SOUiSQES 

Th• following e.xpresaionaJ 

H Cos,<11 dl 
H 

-- 4 tr I 

which appear in this paper• may be founci in any text treating .magnetic 

.fields. The writer's aou.rce was the third edition of P.rinciples gJ. 

Electrical .§ngineering 1b7 Timbie and &>.sh. 

At one point in the paper reference was made to curves of flux 

density versus field intensity- tor annealed sheet ste•l and soft steel. 

These curves may be foWld in many texts also, but again the writer's 

source was P~inciplea 2!. F.a.eotrie&l :..-;ngineeringJby Timbie and Bush. 

The inform.ation concerning the distribution of power in coal m1nea 

and the aafet1 code requi~ement~ relating to the problem discussed in 

the s•ct1on dealing with & specific application of the rela.y was obtained 

from Professor a.c>rge C. Barnet, Jr. In tact, it was this specific 

problem which lead to the development of the direct curront differential 

relay. 
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