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Introduction 

The Knoxville distribution system of the Tennessee 

Public Service Company receives 110 KV. power at the Washing

ton primary substation. Transformation to 13•2 KV. is made 

here, and energy for domestic and industrial use is distrib

uted throughout the network. 

Fig. 1 is a representation of the lines and gener

ating stations considered as supplying current to the Knox

ville network under fault conditions. Other generating sta

tions are interconnected, but they are sufficiently remote to 

be neglected. As a matter of fact, the group of Pig. 1 is 

a small section of a completely interconnected network of 

power systems, extending from Mississippi through Alabama, 

Tennessee, Georgia, North Carolina, and South Carolina, and 

up into Virginia. Some of the largest hydro and steam plants 

in the states are parts of this general network, and the ca

pacity connected is enormous. 

That the Knoxville 13.2 KV. network is in the na

ture of a shunt load connected by comparatively low capacity 

equipment to the general system considerably reduces fault 

KVA., and, as will be evident in the study, none of the sta

tions supplying power are overloaded, unless operating at 

capacity at the time of the additional demand. The individ

ual machines in the various plants therefore operate well 

within the range of their voltage regulators, and any demag

netizing action of fault current is readily compensated for 

by these regulators. This consideration obviates the neces

sity for a thorough investigation of machine characteristics, 
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and warrants the conclusion that fault currents, as ascer

tained for the 13.2 KV network, may be regarded as values 

substantially sustained. 

One source of power is the Waterville Hydroelectric 

plant of the Carolina Power and Light Company. Here are 

three generators, each rated 45,000 KVA., 80$ power factor, 

400 R.P.M., 13,800 volts, three phase, 60 cycles. Each gen

erator connects directly to its bank of transformers, all 

paralleling being made on the high side. Transformers are 

single phase, 15,000 KYA., the bank connected delta-wye, 

ratio 13.2/110 KV., and the high side is solidly grounded. 

Generator voltage regulation is of the quick response type, 

and in addition, automatic frequency and load control, simi

lar to that at the Norwood station in the eastern network of 

the same operating company, is provided. Of the several dif

ferent types of control afforded by this "automatic operator", 

that usually in effect is constant station load with economic 

distribution between two or more machines in parallel. 

Waterville power is transmitted to Arlington over 

two routes. The main line is direct, approximately 50 miles, 

ând operates at 110 KV. This line is new, having been put up 

about the time Waterville was erected. The older line con

sists of a section operated at 66 KV., extending from Arling

ton to Newport, via Jefferson City. Auto-transformers at 

Newport transform to 110 KV., the line going thence to Bridge

port, where it taps onto the Waterville-Kingsport 110 KV. line. 

Comparatively, the older line is considerably "weaker" than 

the direct. One section is of #1 wire - that from Newport to 
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Jefferson City, while the section from Jefferson City to Ar

lington is of one size larger. The direct line is 250,000 cm. 

Other than as shown in Pig. 1, the only information 

at hand regarding characteristics of the system supplying 

power to Arlington over the Maryville and Lenoir City lines 

is the short circuit KVA. for a three phase fault at Arling

ton 110 KV. bus, and ground current for single phase to 

ground fault at the same location. This is enough for the 

purpose of this study. 

Two short parallel lines connect the 110 KV. busses 

of the Washington primary and Arlington substations. 

Transformation to 13.2 KV. at Washington is made by 

six parallel banks of transformers, two 3750, two 5000 and 

two 10,000 KVA., a total of 37,500 KVA. High and low sides 

of all are connected wye. The two 5000 KVA. are three wind

ing, tertiaries also connected wye, ungrounded. One of the 

10,000 KVA. banks is three winding, its tertiary in delta, 

unloaded; low side of this bank is grounded through a resist

ance of 20 ohms, high side solidly grounded. This transformer 

provides the only path for ground current between the 110 and 

13.2 KV. systems. 

Eight feeders take off from the Washington 13.2 KV. 

bus, but two of these are dead end and are omitted from con

sideration in this study. 

There are six substations within the 13.2 KV. net

work proper, the arrangement approximating a loop or ring 

system, with the addition of a few criss-crosses. Fig. 2 rep

resents the general arrangement, shows the relative location 
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of the stations, and also indicates the few instances of par

allel line construction. 

All line construction within the network is wood 

pole, standard N.E.L.A. medium voltage arms. Single circuit 

uses a pole top pin with 7 ft. arm on second gain; double cir

cuit utilizes a 10 ft. arm on second gain, 7 ft. arm on first, 

each circuit completely on its side of the pole. 

All transformer banks within the 13.2 KV. netv/ork, 

and also at the termination of dead end 13.2 KV. feeders, for 

transforming to various subsidiary lower voltage distribution 

systems, are connected delta-delta. This is important in 

that a path for zero sequence current is not provided by them. 

Present protection is straight overcurrent line and 

ground relays on all feeders taking off from the "Washington 

bus. Directional overcurrent line and ground relays are pro

vided for all network lines at the other substations. Dead 

end feeders from other substations are protected by overcur

rent and/or overcurrent ground relays, but these are not con

sidered in this investigation. 

The distribution system originally operated ungrounded, 

with consequent impossibility to automatically detect and sec-

tionalize any portion in which a single phase might be faulted 

to ground. Shifting of the neutral caused incorrect operation 

of the directional overcurrent relays. 

The system neutral was then solidly grounded, but 

difficulty was experienced in getting sufficient potential to 

operate ground relays. Recently a 20 ohm resistor was in

stalled in the neutral of the grounded transformer. What cur-
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rents and voltages exist within the network under fault con

ditions, now that the neutral is grounded through this resistor? 

This is the question considered in the study. 
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Study 

The primary purpose of this study is the determina

tion of the magnitude and direction of residual current and 

voltage in the network branches upon occurrence of a ground 

fault within the 13.2 KV. network of the Tennessee Public Ser

vice Company's Knoxville Distribution System, 

The network is solved for the four types of faults, 

and factors are given for the ready determination of all cur

rents in all branches, but the results are discussed only in 

connection with the ground relay scheme. 

The method of symmetrical components is now in gen

eral use for system short circuit studies, and is employed 

whether the actual calculations are made on the network cal

culating board or by mathematical analysis. The latter is 

more adaptable to small systems, and is followed in this study. 

Complex notation is used for all vector quantities, 

except wherein one of the components is less than 1/5 the 

other, in which case the actual modulus is considered all real 

or all imaginary, according to the predominant component of 

the original vector• This applies particularly to the zero 

sequence network impedances, computations being carried out 

with values as scalar quantities, but the result is converted 

to the complex notation by average multipliers, in order to 

more closely approximate the actual result. 

k summary of the procedure may be of assistance in 

following the study: 

(1) Collection and tabulation of all system data, as 

received. 
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(2) Conversion of data as received into form re

quired for making computations. 

(3) Tabulation of system constants, 

(4) Single line diagrams of supply positive, negative 

and zero sequence networks. 

(5) Reduction of supply system component networks 

into "equivalent sources". 

(6) Single line diagram of distribution system posi

tive, negative and zero sequence networks. 

(7) Reduction of distribution system component net

works to "equivalent impedances" to point of fault, 

and determination of "distribution factors" of all 

branches, for various locations of faults. 

(8) Determination of the sequence component currents 

for the various types of faults. 

(9) Tabulation of distribution factors, with component 

sequence currents, for the various faults at the 

different locations. 

(1) System data, as received. 

Table 1 gives transmission and distribution line char

acteristics as received. Single and double circuit wood pole 

construction within the 13.2 KV network is indicated in Fig. 3. 

One column of Table 1 indicates, by the notation S or D, which 

of Fig. 3 applies. This same column for the high tension lines 

carries the equivalent spacing, as there is some question about 

the actual arrangement of conductors for these lines. 

Table 2 collects data on the various transformers 

within the supply network. There are no transformers within 
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the 13*2 KV. network having "bearing on this study. 

Complete and definite information is at hand only on 

the Waterville generators. This is: 

Rating: 45,000 KVA.> 80$ power factor, 3 phase, 

60 cycle, 13,800 volts, 400 R.P.M. 

Characteristics, on rating base. 

Positive sequence -

Synchronous reactance, X d - 107$ 

Transient reactance, X^ - 28$ 

w , 
Subtransient reactance, X^ - 14% 

Negative Sequence reactance Xg - 16$ 

Zero sequence reactance, XQ - 18$ 

Time constants -

Open circuit transient T^0 - 8.7 sec. 

Short circuit transient T! - 2.3 sec. 

n 
Short circuit subtransient T& - .035 see. 

The 10,000 KVA. condenser on the Washington 13.2 KV. 

bus. Reactance given as 80$ on 20,000 KVA. base. 

The only information regarding the system supplying 

power to the Arlington 110 KV. bus over the Maryville and 

Lenoir City lines is as follows: 

For 3 phase short circuit on Arlington 110 KV. bus. 

Maximum Minimum 

Maryville line 300,000 KVA. 110,000 KVA. 

Lenoir City line 135,000 KVA. 125,000 KVA. 

Ground current for single phase to ground fault at 

Arlington 110 KV bus. 
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Maximum Minimum 

Maryville line 816 amps. 234 amps, 

Lenoir City line 507 amps. 440 amps. 

!,The difference between maximum and minimum values 

shown above is due chiefly to the fact that Alcoa is 

considered in parallel for the maximum conditions.w 

"As a result of tests run jointly by the Tennes

see Public Service Company and T̂ie Southern Bell Tele

phone and Telegraph Company, it was found that earth 

conductivity could be taken as 10 M abmhos per cm^. 

) Conversion of data. 

System studies may be made upon an arbitrarily cho

sen KVA. or voltage base. Whichever is used, it is necessary 

\p convert all constants into figures referred to the chosen 

base before computations may be made. The KVA. base is more 

adaptable to solution by means of the calculating board, 

whereas the voltage base is better adapted to the mathematical 

solution. 

Since the distribution network under consideration 

operates at 13.2 KV., this voltage is used as the reference 

base, and constants of all equipment are corrected accordingly. 

Calculated values of percent reactance and zero se

quence impedance check the constants as received in all but a 

few instances, in which cases, calculated values; are accepted. 

Furthermore, received figures cover the reactance component 

only (in the positive and negative sequence networks) whereas 

resistance component is comparable with reactance, particularly 

in the 13.2 KV network. 
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The positive and negative sequence impedance of all 

lines (the two are equal) are determined from standard 60 cy

cle reactance tables and are recorded in one column of Table 3, 

The method employed is that usually followed for the customary 

impedance of transmission lines, and no particular comment is 

necessary. 

Zero sequence impedance is calculated by the formulas 

Z0 • R + .0543 + jO.1587 log10 .-̂  H % — , ohms per 1000 ft. 
U-M'K- per phases, 60 cycles. 

Earth conductivity for the supply system is given as 

14 ^ 
10 abmhos per cmr, corresponding to an "equivalent depth" 
of 8800 ft. Conductivity of the earth under the distribution 

system is assumed 10~13, the value for damp soil, because of 

the proximity of rivers. This corresponds to a De of 2800 ft. 

R in the above formula is determined from standard 

wire tables in the same manner as for the positive and negative 

sequence impedances. About all now required is determination 

of G.M.R., the group geometric mean radius of the three line 

conductors* To to this -

First, find conductor G.M.R. (example: line 1B4S15) 

Conductor G.M.R. = conductor radius x factor 

- J^|S x .759, for 4/0, 19 strand, 

= .202 inches 

= .0167 ft. 

Then, 

Group G.M.R. = [Conductor G.M.R. x (Equivalent Spacing)2] ' 3 
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The equivalent spacing for 1B4S15 is; 

[3 x 5 x 2.585]1'3 

or 2.985 ft. 

Therefore: 

Group G.M.R. = [.0167 x (2.985)2] / 3 

= 0.530 ft. 

The zero sequence Ijnpedance: 

ZQ = .053 + .0543 + i 0.1587 log10 ~ ^ 0 

= .1073 -h j #572 ohms per 1000 ft. one conductor. 

= 1.06 + j 5.85 for the total length of 1B4S15. 

Since the line operates on 13.2 KV., this value is 

already upon the proper voltage base, and no reduction is re

quired. 

1B4S15 and 1B5U17 are in parallel for 7.5 x 103 ft. 

To determine the mutual zero sequence impedance, it is first 

necessary to find the geometric mean distance between the two 

circuits. 

G.M.D. = [dla x dib x dic x dga x d2b x dgc x d3a x d3b x d 3 c ] ^ 

which, for the double circuit wood pole construction, is 

= [3 x 6 x 5.17 x 6 x 9 x 7.92 x 5.17 x 7.92 x 6] 

= 5.98 ft. 

the mutual imp edance, zero sequence -

Zora = •0543 + j 0.1587 log10 • g
e • , ohms per 1000 ft. per 

IJ.M.D. pllase, 6 0 cycles. 

which, for the lines in question, becomes: 

Zftn = 0.0543+ j 0.1587 lo6l0 §§§§-

= .0543 + j 0.424 ohms per 1000 ft., one conductor. 

or 

Z Q J ^ 0.406 + j 3»18 for the 7.5 x 103 ft. the two lines are 

V9 
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together. These lines are operated at the reference voltage, 

and no reduction is necessary. 

1B8C16 and 1B8G14 are in parallel for their entire 

length. The zero sequence (self) impedance of the two groups 

is: 

Z0 = § + .0543 + j 0.1587 log10 2® , ohms 

[(G.M.R.) (G.M.D.)J1/2 

per 1000 ft., per phase, 60 cycles. 

G.M.R. is group G.M.R., = 0.53 ft. for #4/0 wire double cir

cuit construction. G.M.D. is 5.98 ft. 

Hence 

Z0 = 0.0264 + 0.0542 + j 0.1587 log1Q
 2 8 0 Q , ohms 

[0.53 x 5.98] ' 2 

per 1000 ft. 

= 0.58 •+• j 3.65 ohms, total length of the lines. 

These lines are within the 13.2 KV network and the 

impedance as determined is upon the reference "base. 

Table 3 is a compilation of the transmission and 

distribution line constants. 

For transformers, it is customary to neglect the re

sistance component of the impedance, as it is an inapprecia

ble part of the whole. 

The five ungrounded transformers at the Washington 

substation are most conveniently treated in parallel. The 

impedances of these devices, on 20,000 KVA. base, are, re

spectively, 22, 60, 48, 47 and 59 percent. Hence the impedance 

of the parallel group is 

z = _ I 

3 IT H H J!~ 
22 60 48 47 59 

= 8.25$. 
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Converting into ohms, on 13.2 KV. base 

ohms = 8.2J5 x 13.28 x 1Q 
20,000 

= J 0.718 olims, 

And this value is recorded in Table 4 for the group. 

There is no path for zero sequence current through 

any of the above transformers, and the zero sequence impedance 

is therefore infinity, represented on the network diagram by 

an open circuit, as shown in Table 4. 

The 10,000 KVA. three winding transformer at Wash

ington: 

Windings 
Considered 

Given 
Percent Reactance 
20,000 KVA. base 

Corresponding 
ohms on 

13.2 KV. base 

110 to 13*2 22 3 1.91 

110 to Ter. 23 3 2.0 

13.2 to Ter. 63 3 5.47 

Therefore, reactance of the individual windings 

v . 1.91 + 2.0 - 5.47 . „Q , 
x n o ~ J i~~ - ~s #78 oh2ns 

Y A 1*91 -f- 5.47 - 2.0 _ . 0 A Q ,wa X13.2 = i g "* J 2* 6 9 o n m s 

XTer. = 3 5* 4 7 + 2£° - i'91
 = j 2 . 7 8 ohms 

The 20 ohm resistor in neutral of the 13.2 KV. side 

is applied in the zero sequence network as 60 ohms, connected 

to the transformer 13.2 KV. lead. 

The portion of appendix A devoted to constants of 

transformers explains in greater detail the treatment. 

Table 4 gives representation on the component network 

diagrams for the various transformers or transformer groupings. 
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It is necessary to replace the Maryville and Lenoir 

City lines by an "equivalent source". Using values for the 

maximum condition, these sources are determined as follows: 

For the Maryville line - maximum for a three phase 

short circuit on the Arlington 110 KV. bus is 300,000 KVA. 

The theory of symmetrical components demonstrates 

that only positive sequence impedances limit current supplied 

to a three phase short. Therefore, referred to the 13.2 KV. 

base, the positive sequence impedance of the Maryville line is 

13,3002 
Zl " 56O,666,O0O ~ °*58 ohms-

Experience indicates that negative sequence system 

impedance may be assumed as 90$ the positive sequence impe

dance. Hence 

Z2 = 0.58 X .9 = 0.52 ohms. 

Also from symmetrical component theory, the zero 

sequence current for a single phase to ground fault is limited 

by the sum of the three sequence impedances. Since the ground 

current, given, is three times the zero sequence current, and 

since line voltage is 110 KV.: 
110,000 x 3 

£ component sequence impedances=—• *T/—ohms, 

A 816 x [3] 2 

= 234 ohms on 110 KV. base 

= 234 x - ~ ^ 1 ohms on 13 .2 KV. base / 15.2 ) 
V 110 / 

= 3.37 ohms. 

zl + z2 — 1>1 ohms. 

.*. ZQ = 2.27 ohms. 

These impedances are nearly all reactive, and are 

used as j values. 

•Mi 
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Constants of the system behind the Lenoir City line 

are determined in the same manner, hence, for maximum condi

tions: 
Zl Z2 Z 0 

Maryville line j 0.58 J 0.52 j 2.27 

Lenoir City line j 1.29 j 1.16 j 2.96 

Generator constants are available only for the Water

ville machines. The short circuit subtransient time constant 

corresponds to about 2 cycles, and for the purposes of this 

study, the current during this interval may be disregarded. 

Transient reactance is 28% on machine KVA. base, or 

1.08 ohms on 13.2 KV. base. 

The negative and zero sequence reactances are like

wise found to be, respectively, 0.62 and 0.7 ohms. Because 

the Waterville transformers are connected delta on the genera

tor side, no path is provided for zero sequence currents be

tween transformer and generator, so the zero sequence impedance 

of the circuit is infinity. This is covered in the transformer 

connection by an open circuit on the delta side, in the zero 

sequence network. 

A preliminary calculation indicates Waterville plant 

will not supply more than approximately 50,000 KVA. to a three 

phase fault within the Knoxville 13.2 KV. network. This cor

responds to a system impedance of 270% on the Waterville plant 

KVA. rating. 

Reference to standard decrement curves indicates that, 

for system impedances above 100%, initial fault KVA. may be 

considered as sustained. This, in conjunction with the fact 

that Waterville generators are provided with quick response ex-
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citation and corresponding voltage regulators, indicates no 

correction is necessary in order to determine KVA. at any par

ticular time after the occurrence of a fault within the Knox-

ville 13.2 KV. network. 

Since machine reactances are considered as external 

to the source of E.M.P., it is necessary to determine the in

ternal voltage. This may be approximated by the following: 

E ± = [(ET + IXfl sin 0)
E+ (ixi cos 0 ) 2 J '2 

in which 

Ê_ = Internal voltage. 

I - Load current, before fault. 

Erp = Terminal voltage, before fault. 

Cos 9 = Power factor 

X^ = Transient reactance. 

It has been stated that the fault currents to be de

termined are to be considered as sustained values. On this 

basis, the correct internal voltage would be that determined 

by using the synchronous reactance, X^? in the above equation, 

instead of the transient reactance. If this were done, the 

synchronous reactance would also be used in the network. How

ever, only transient values may be determined from the data 

given for the Maryville and Lenoir City lines, and as a conse

quence it is necessary to use corresponding values for the 

Waterville machines. The difference in the current calculated 

by the two sets of constants is not as much as seems at first, 

because both the internal voltage and the system impedance are 

increased when using synchronous constants. However, current 

determined by these higher values is somewhat less than as 
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found by the method to be followed, but does not take into 

consideration the effect of voltage regulators. Not that us

ing transient values makes such correction, but using transient 

values and considering the resultant current sustained does. 

At best the answer is indefinite. With all machine, 

regulator, prime mover and accessory constants at hand, it 

would be possible to determine the exact value of fault cur

rent at any instant. It is unnecessary to be so thorough. It 

is customary to make approximations at this point in all stud

ies, and at best the standard decrement curves are average val

ues to be used when system conditions indicate a decrement will 

occur. 

Returning to the initial voltage, assuming machines 

approximately 80$ loaded, 80$ power factor, E T = 13,200/1.732 

= 7620 volts, X<i = 1.08 ohms, the internal voltage is found to 

be 8700 volts. This is the "referenceMvoltage to neutral, and 

consequently is all real. 

Machine constants as discussed above determine R.M.S, 

values of a current wave symmetrical about the axis of zero cur

rent. As is well known, fault currents during the first few 

cycles may or may not be symmetrical, depending upon the point 

of the voltage wave at which the fault occurs. It is necessary 

to take the D.C. component of current into consideration for a 

number of purposes, but, since current transformers do not 

transform D.C, the relay current will be same as though the 

line current were of equal amplitude above and below the zero 

line, except for the effect caused by saturation of the current 

transformer iron. 

The condenser at Washington primary supplies a littls 
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current under fault conditions. The given reactance is 80$ 

on a 20,000 KVA. "base, or 40$ on the machine rating. This is 

one of the positive sequence reactances, and probably is the 

transient, since the figure is an average value for condensers. 

40$ corresponds to j 7«0 ohms on the 13.2 KV. base. The nega

tive sequence reactance may be assumed as 60$ of the positive 

sequence transient reactance, or j 4.2 ohms. For the zero se

quence reactance, notation at hand indicates the machine is 

un — grounded, hence the zero sequence impedance is infinity, 

and representation on the network diagram is by an open circuit, 

(5) Reduction of Supply System network, 

Figures 4 and 5 pertain, respectively, to the supply 

system positive and negative sequence networks. Group (a) of 

each figure is a single line diagram of the network with impe

dances shown in accordance with the arrangement of equipment in 

the original system, and marked with values appropriate to the 

individual parts. 

The difference between the two is first that there is 

no source of E.M.P. in the negative sequence network and second 

impedances of machines or parts involving machines are different 

for the negative network than for the positive. 

Generating equipment produces only positive sequence 

voltages; the only means by which negative (and zero) sequence 

voltages get into the systems is by transformation of part of 

i the positive sequence voltage at the point of fault. 

Groups (b) and (c) show two of the steps in reducing 

the original network to "equivalent" values, shown in (d). The 

method is by successively substituting equivalent single line 

j impedances for two or more in parallel, and no details are re^ 

quired. 
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It should be noted three winding transformers symbols 

are not incorporated in the positive and negative sequence net

works in the manner indicated by Table 4. This is because the 

tertiaries do not connect to supply or load, and therefore have 

no effect in the positive and negative sequence systems. 

The zero sequence supply system is shown in Pig. 6. 

It is not necessary to make computations to reduce this network 

to an equivalent single line impedance, as by inspection it is 

apparent a value sufficiently close may be had by disregarding 

all the j components, and considering only the resistance of 

the 60 ohms plus resistance of the network. These latter re

sistances were neglected in making up the diagram because, add

ing at right angles to the predominant inductive component, 

they were inappreciable. However, now that the real is the 

major, the j component is omitted, and real component of the 

network impedance adds directly to the 60 ohms. The network 

resistances are small, however, and may just as well be approx

imated as 1 ohm, making the value considered as supply system 

zero sequence impedance 61.0 ohms, 

(7) Reduction of Distribution System Networks. 

Pig. 7 shows the positive and negative, and zero se

quence single line diagrams for the 13.2 KV. distribution net

work. The stations and lines are designated in accordance with 

Pig. 2 and in addition, sequence impedance of the lines is noted. 

Arrows indicate an arbitrarily selected direction of current for 

which values are to be computed. Necessarily the current direc

tion in all branches will not be as shown for all the different 

fault locations, but suitable correction is made in the distri

bution factors by putting a minus sign before the factor per-
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taining to a line in which fault current for the particular lo

cation is the reverse of the direction noted by the arrow in 

Pig, 7. Therefore, multiplying a fault current by any distri

bution factor results in a value indicating current in the di

rection shown by the arrows. 

Figures 8 through 17 show steps taken in the reduc

tion of the component sequence networks for faults at the dif

ferent stations* On some of these diagrams arrows are shown, 

but these refer to direction of current supplied to the fault, 

and are not to be confused with those of Pig. 7. 

The main use to which these reduction diagrams may be 

put is in computing voltages at the different stations for line 

relay studies. The problem at hand concerns only ground re

lays, and it is not required to carry computations of the zero 

sequence voltage through the distribution network, because prac

tically all the zero sequence impedance is considered in the 

supply system, so this component of voltage is about the same 

at all stations within the network. 

It may be of some value to give a sample of network 

reduction. Consider a fault at 4S bus. The positive (and 

negative) sequence network will be reduced to an "equivalent" 

impedance, and the distribution factors determined. 

Prom Pig. 7, positive and negative sequence netv/ork, 

it is seen lines 1B3L18 plus 4S3L28 and 1B4S15 are in parallel. 

Replace these by a single impedance whose value is 

Z = i 
1 . 1 

.951 + i 1.54 .542 + j 1.18 

= .345 •*• i .672 ohms. 
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Also, it is necessary to substitute a wye network 

for the delta formed by lines connecting stations IB, 7M and 

8C. The delta is shown in Pig, 8-(a), the equivalent star in 

Pig. 8-(b). 

Transformation is made as follows* 

Sum of the delta impedances — .913 -+- 3 1.6 ohms. 

Then, with T as neutral of the equivalent star-

7 - («454 + J .755) (.19 + J .428) . 3 ^ nrt i 

ZlB-T ~ .915 -f J 1.6 = * 6 9 6 + $ # 1 9 7 0 l l t n S 

~ 7 - M 9 + 3 .428) (.269 + 3 .455) _ nc-7 . , 1 1 7 n. 
Z8C_T - .913 + 3" 1".T # 0 5 7 + J #11V 0 h m S 

7 - (.454 + 3 .735)(.269+ 3 .435) _ _p 
Z7M-T - #§l3 +• jl'.6 .132+ J .2 ohms 

The substitutions noted above are now incorporated in 

the complete network diagram, shown in group; (c) of Pig. 8. An 

equivalent impedance is substituted for the two parallel branch

es between T and 6G, and the 1B-T-5U branch is replaced by the 

series of impedances shown in group (d). This group is now in 

parallel with line 1B5U17, so the tv/o may be replaced by a sin

gle line whose impedance is determined as was that replacing 

lines 1B3L18 plus 4S3L28 in parallel with 1B4S15. Substituting 

in the network, group (e) results, which is reduced immediately 

to (f), the equivalent impedance. 

It is now required to determine distribution factors. 

Assume 1.0 + 3 0.0 ampere to go into the network at the IB bus 

and leave at the 4S bus. The division of current between the 

two branches of group (e) is inversely as the impedances, or, 

current through upper branch is 

(1.0 + 3 0.0)(»266 ± 3 .527) 
.345 ? 3 .672 

= .778 amperes. 
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should be calculated in order 

(1.0 -h .1 0.0) (.266 4- j ,527) 
1.11 + j 2.34 

• 

= .222 amperes. 

The .778 amperes is through 1B3L18 plus 4S3L28 in parallel with 

1B4S15. Dividing the .778 amperes in a manner indicated above, 

current through 1B3L18 plus 4S3L28 is 0.325 amperes. Comparing 

the direction of current in this line for fault at 4S bus with 

the arrow indicating positive direction of current, as shown 

in Pig. 7, it is seen the two accord, hence 0.325 is the proper 

sign. 

From above, we have the distribution factor of line 

4S5U22 is -0.222, since direction of current to a fault at 4S 

bus is opposite to that indicated in Pig. 7 and the distribu

tion table carries the figure with minus sign in front. 

The 0.222 amperes divides on the 5U bus between line 

1B5U17 and the 1B-T-6G-5U branch of group (c). The division 

is determined as before, and found to be half and half, or 0.111 

amperes through the 1B-T-6G-5U branch. From this it Is seen 

distribution factor for 6G5U23 is 0.111. 

Again, currents through T-7M-6G and T-8C-9K-6G branch

es are found, respectively, to be .0685 and .0425 amperes, per

mitting the distribution factors for lines 6G7M22, 8C9K24 and 

6G9K24 to be written. 

It is now necessary to determine distribution of cur

rent in the delta for which the wye was substituted. 
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Voltage drop from: 

IB to T = 0.111 (.096 + J .197) = .01065 + j .02185 volts 

T to 7M = .0685 (.132 -I- J .2) = .00904 4- j .01370 volts 

T to 8C = .0425 (.057 + j .117) = .00242 + j .00498 volts 

Therefore, voltage drop-

From IB to 7M = .01065 4- J .02185 + .00904 + j .01370 

= .0197 4- i .0356 volts. 

Therefore, current in 1B7M13 

.0197 4-1 .0356 
.454 + 3 .735 

= .0474 amperes, 

and distribution factor for 1B7M13 is .0474. The same proce

dure is followed in determining currents in the other branches. 

The zero sequence system is carried out with impe

dances considered as wholly reaetive, because they are nearly 

so, and the error is well within limits reasonable for a study 

of this nature. Networks for faults at the different locations 

are reduced, and distribution factors determined in the same 

manner as for the positive networks. 

The 1B3L18 plus 4S3L28 line cannot be paralleled with 

1B4S15 in the zero sequence network, however. It will be no

ticed that 1B4S15 and 1B5TJ17 are carried on the same pole for 

considerable distance, and it is therefore necessary to rake into 

account the mutual zero sequence impedance. This is done by re

placing the actual arrangement of the two, as shown in Pig. 

13-(a), by an equivalent network, Pig. 13-(b). 

(8) Determination of fault component currents. 

The sequence impedances for the supply system are ad

ded to corresponding impedances pertaining to the distribution 
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system for the particular fault location under consideration. 

For each location, then, the total positive, negative and zero 

sequence impedances, from supply to fault, are known, 

Different sequence impedances are connected in a 

manner to satisfy the conditions of the fault, and current 

through each of them is computed, using the generator internal 

voltage, 8700 H-j 0 volts, as the E.M.F., and the group impe

dance of the component sequence networks as the denominator in 

applying Ohm's law. 

It should be noted that, for the phase to phase fault, 

the positive and negative sequence impedances are connected in 

series, the sum being the effective impedance to be divided into 

the internal voltage, but that the negative sequence impedance 

is reversed, and since all currents are tabulated for direction 

the same in all component networks, it is necessary to reverse 

the negative sequence current before recording it in the ta

bles. The same applies to currents through both the negative 

and zero sequence networks for the double line to ground fault, 

Tables 5 through 10 summarize the calculations made 

in this study. The different tables refer to faults at differ

ent stations in the network. Each table gives distribution fac

tors for all lines in the 13.2 KV. distribution system, for 

fault location as captioned, also positive, negative and zero 

sequence impedance of the distribution network (from Washington 

13.2 KV. bus) to the point of fault, and finally, the various 

sequence components of current at the fault for the different 

types of faults. 

As stated before, this investigation is primarily with 

•HHH 
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reference to ground currents, but since the data is at hand 

for calculating phase currents, it may be of some value to 

indicate how this is done, 

If magnitude of current only is required, the follow 

ing short cut may be used, giving faulted line currents: 

(1) Prom tables 5-10, select that giving values for 

the fault location concerned. 

(2) Read the positive sequence component of current at 

the fault, for the type fault being considered, 

and convert value given (positive sequence only) 

into a scalar magnitude by the ordinary rules of 

complex quantities. 

(3) Multiply by the positive sequence distribution 

factor, on same table, of the line for which cur

rent values are desired. 

(4) Multiply by the appropriate one of the following 

For 3 phase short 1 

v2 

(a 

(c 

(d 

For phase to phase short -- [3] 

For 1 phase to ground 3 

For 2 phase to ground [3] 

(a) and (b) are correct. The method and the (c) 

and (d) factors are approximations that will give 

results within 15$ of correct for this system only. 

If the currents are desired in the complex notation, 

the following procedure is in order: 

(1) From Tables 5-10, select that giving values for 

the fault location concerned. 
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(2) Read the positive, negative and zero sequence 

components of total current at the fault, for 

the particular type of fault under consideration. 

(3) Prom tabulation at top of the page, select the 

positive and negative, and zero sequence distribu

tion factors for the line for which currents are 

desired* 

(4) Multiply the distribution factors from (3) by the 

currents from (2) taking eare that only corres

ponding component values are multiplied. 

(5) Vector addition of the three products of (4) is 

the line current desired, in the reference phase, 

The direction of the current thus determined is 

given by the arrow in Pig. 7. 

(6) Products determined in (4) are sequence components 

of currents in the particular branch for which the 

distribution factors were selected. Setting the 

positive, negative, and zero sequence products, re

spectively, equal to Ial> la2 and IaO* and with 

phase A as reference'phase, current in phase B is 

*B = aSIal + *Iag + IaO 

and in C 

IC = alal + a2Ia2 + IaO 

where a = -.5 -\- j .866; a2 = -.5 -j .866. 

if line voltages come to a maximum in the order 

A, B, C. 

Total currents at the different fault locations are 

calculated with respect to the "reference" voltage of 8700 -t- J 00 

volts, so that in making any computations it is necessary to con-
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sider the system at the instant the source (positive sequence) 

voltage in the reference phase is of this value. The "refer

ence" phase is different for the different types of fault: 

(1) For a three phase short, the reference phase is, 

of course, faulted. 

(2) For a phase to phase short, the reference phase 

is the sound phase. 

(3) For a single phase to ground fault, the reference 

phase is the faulted phase. 

(4) For a double phase to ground fault, the reference 

phase is the sound phase. 

Means for taking care of change in reference phase is 

obvious when making any current determinations. 

Current magnitudes in the vector notation are re

quired only when voltag6 vectors are also used, for determin

ing action of watt-element relays during fault. 

As this investigation is only concerned with zero se

quence voltages, and that is approximately the same throughout 

the network, no effort is made to compute the various voltage 

sequence component distribution factors. 

The sequence components of line to neutral voltages 

at any point may be obtained from a knowledge of the distribu

tion of sequence currents and the branch impedance from the 

system source to the point in question. 

The positive sequence voltage at a point is equal to 

the positive sequence voltage at the source minus the positive 

sequence 1Z drop from source to point. 

Similarly for negative and zero sequence components, 
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except that the so-urce E.M.F. in these systems -is zero, so the 

component at the point is the negative of the IZ drop to the 

point. 

As an example of voltage calculations, let it he de

sired to determine the voltages at the 4S bus for phases B and 

C faulted to ground at the 5TJ bus. 

Figures 4, 5 and 6 give: 

(1) Source positive sequence voltage, phase A, 

= 8700 t j 00 V. 

(2) Positive sequence impedance from source to 

Washington 13.2 KV. bus ~ j .734 ohms. 

(3) Negative sequence impedance from source to 

Washington 13.2 KV. bus = j .659 ohms. 

(4) Zero sequence impedance from source to 

Washington 13.2 KV. bus = 61 ohms. 

From Figure 7: 

(5) Positive sequence impedance line 1B3L18 

plus 4S3L28 (from Washington 13.2 KV. to 

4S bus) = .951 + j 1.54 ohms. 

(6) Negative sequence impedance 1B3L18 

plus 4S3L28 = .951 + j 1.54 ohms. 

(7) Zero sequence impedance 1B3L18 

plus 4S3L28 = 1.01 + J 5.85 ohms. 

From Table 6: 

(8) Total positive sequence eurrent for a double phase 

to ground fault at 5U bus = 759 -j 3060 amps. 

(9) Total negative sequence current for same ~ 

-690 -f- j 3060 amps. 

(10) Total zero sequence current for same = -69 amps. 



(11) Positive sequence distribution factor for 

1B3L18 plus 4S3L28 = .128 

(12) Negative sequence distribution faetor for 

1B3L18 plus 453L28 = .128 

(13) Zero sequence distribution factor for 

1B3L18 plus 4S3L28 = .228 

The calculation is as follows: 

Positive sequence current in the line = (8) x (11) 

(14) - (759-j 3060)(.128) = 97-j 392 amps 

Negative sequence current in the line = (9) x (12) 

(15) = (-690 + 1 3060) (.128)= -88.4 + j 392 amps 

Zero sequence current in the line = (10) x (13) 

(16) = (-69)(.228)= -15.75 amps. 

Positive sequence voltage drop from source to 

Washington 13.2 KV. bus = (2) x (8) 

(17) = j.734 (759 -j 3060) = 2245 + j 556 volts 

Negative sequence voltage drop from source to 

Washington 13.2 KV. bus = (3) x (9) 

(18) = j .659 (-690 + j 3060) = -2015 -j 455 volts 

Zero sequence voltage drop from source to 

Washington 13.2 KV. bus = (4) x (10) 

(19) = 61 (-69) = -4210 volts. 

Positive sequence voltage drop from Washington 

13.2 KV. bus to 4S bus = (14) x (15) 

(20) = (97-j 392)(.951 + j 1.54) = 697 -j 224 volts 

Negative sequence voltage drop from Washington 

13.2 KV. bus to 4S bus = (15) x (6) 

(21) =: (-88.4 + 1 392)(.951 + j 1.54)= -688 + j 245 volts 

Zero sequence voltage drop from Washington 
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13,2 KV. bus to 4S bus = (16) x (7) 

(22) = (-15.75)(1.01 + j 5,85) = -16 -j 92 volts 

Total positive sequence drop, source to 4S bus 

= (17) + (20) = (2245 + j 556) + (697 -j 224) 

(23) =2942 + j 332 volts 

Total negative sequence drop, source to 4S bus 

= (18) + (21) = (-2015 -j 455) •+• (-688+ j 245) 

(24) =-2703 -j 210 volts 

Total zero sequence voltage drop, source to 4S bus 

= (19) + (22) = (-4210) + (-16 -j 92) 

(25) = -4226 -j 92 volts 

Positive sequence component of voltage at 4S bus, 

©al = (1) - (23) = (8700 + j 0) - (2942 -+ j 332) 

= 5758 -j 332 volts 

Negative sequence component of voltage at 4S bus, 

ea2 = 0-(24) = 0-(-2705-J 210) =• 2703 + j 210 volts 

Zero sequence component of voltage at 4S bus, 

ea0 = 0 - (25) = 0-(-4226 -j 92) - 4226 + j 92 volts 

Also, 

aeai = (--5 + J .866)(5758 -j 332) = -2605 + j 5166 volts 

a2eal = (-.5 - j .866)(5758 -j 332)= -3181 - j 4834 volts 

aea2 = (--5 + J .866) (2703 + j 210)= -2034 -t- j 2235 volts 

a2ea2 = (-.5 - i ,866)(2703 + j 210)= -1670 - j 2445 volts 

Prom the theory of symmetrical components, 

Ea = eal + ea2 + ea0 

Eb = a
2eal + aea2 + eao 

Ec = aeai + a2ea2 + ea0 

Therefore, voltages at 4S bus for phases B and C 

faulted at 5U bus are: 
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Ea = (5758 - j 532) + (2703 + j 210) 4- (4226 4- j 92) 

= 10,687 volts 

Eb = (-5181 - j 4854) + (-2054 4- & 2235) 4~ (4226 4- j 92) 

= -989 -j 2507 volts 

Ec = (-2605 4- J 5166) -+- (-1670 -j 2445) 4- (4226 -+ j 92) 

= -41 4- j 2815 volts 

Line4to-line voltages 

Ea_b = [11,676
24- 25072]1/2 

— 11,930 volts 

Ea_c =r [10,728
24- 28152]V2 

= 11,100,volts 

Eb-c = [9482 4- 55202]V2 

=z 5400 volts 

Prom the determination of the zero sequence component 

of voltage at the 4S bus, it is seen that the impedance of the 

various branches in the distribution network have an inapprecia 

ble effect in varying the magnitude of this component, and that 

for all practical purposes, the zero sequence potential may be 

considered the same throughout the network* Investigation 

shows the same to be true for the single line to ground fault, 

hence, for all stations within the 15.2 KV. network, regardless 

of fault location so long as it also is within the network, the 

zero sequence potential will be considered as 

For single line to ground faults - 8600 volts 

For double line to ground faults 4200 volts 

These correspond, respectively, to voltages of -107,5 

and 4- 52.5 across the potential coil of the ground relay, when 
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connected as shown in Appendix B, ratio of potential and aux

iliary potential transformers as indicated there, 

Table 11 is a tabulation of the ground currents 

(three times zero sequence current) existing in all the lines 

for the two types of fault involving ground currents, and for 

fault locations at the different stations. Of course it is 

the zero sequence current that is in the overhead conductors, 

hut current transformer connection is such that ground relays 

are energized by a current equal to three times the zero se

quence current, divided by the ratio of the current transform

ers, Table 11 should be prepared in terms of C. T. secondary, 

or rather, of relay current, but current transformer ratios 

are not at hand, 

The minus signs indicate current in the direction 

reverse to that shown by the arrows in Figure 7. 

With respect to the "reference" voltage to which all 

calculated currents are referred, the zero sequence current for 

a double line to ground fault is in a direction reverse of that 

of the zero sequence current for a single line to ground fault. 

This is indicated by the signs of this component current for 

the two types of faults, as shown in Tables 5-10. The direc

tion of the zero sequence voltage also reverses, so that, with 

respect to zero sequence voltage, zero sequence current direc

tion is the same for both types of faults. In using the UCR" 

relay for ground fault protection, the zero sequence voltage, is 

the reference voltage, so that, in preparing Table 11, no cog

nizance is taken of the reversal of zero sequence current with 

respect to the system reference voltage• The minus signs in the 
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table indicate direction of the current reverse to that shown 

"by the arrows in Figure 7, and not phase relation with respect 

to any reference voltage. 

The purpose of protective relays is to cut out faulty 

sections~of systems, allowing the sound portion to remain in 

service. Discrimination by relays between faulty and sound 

sections may be made upon one or more of the following bases: 

(1) Current magnitude 

(2) Current direction 

(3) Distance(from relay to fault) 

(4) Distance and direction 

(5) Voltage 

(6) Current balance (for parallel lines) 

(7) Current balance (differential - for one line) 

(8) Time 

There are other bases of discrimination, but they are 

not customarily employed for transmission line protection. Of 

the above, current and voltage provide the only means by which 

relays may recognize faults; all the others may be regarded as 

conditions preventing the relay from operating in recognition of 

the fault, until they are satisfied. 

Current magnitude is practically universally used as 

a basis for the detection of faults, and almost as general is 

the use of the time factor in preventing more than one group of 

relays, through which the same current may be passing, from op

erating. 

The simplest type of induction relay is therefore the 

overcurrent relay, with various time settings. The relay may 

be set to operate at various values of current transformer sec-
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ondary current, and up to a certain percentage overcurrent, 

the time required for the relay to close contacts and trip the 

breaker is inversely proportional to the current magnitude. 

This feature permits temporary overloads, which would do no 

harm, from tripping the breaker. However, for currents of 

about 400 or 500 percent that for which the relay is.set, and 

above, the tripping time is definite, and no matter what the 

current, the relay will not trip in less than the predeter

mined time* 

This relay is therefore well suited to protection of 

radial systems, if the different spokes do not have so many sec

tions that the time increments in the settings of successive 

relays build up to an unsafe value. Three and a half seconds 

is about the maximum time considered safe for the clearing of 

faults, even on small systems. Hence, with increments of 0,5 

seconds, the overcurrent relay is suitable for radial systems 

having as many as six sections to a spoke. Beyond that, the 

overcurrent relays with distance as well as time discrimination 

must be used. 

Distance discrimination is in reality a form of volt

age discrimination, the principle being that the voltage at 

successive points away from a fault increases, the amount of 

increase being the 1Z drop in the line. For a constant Z per 

mile, the increase is proportional to the distance to the fault. 

The relay takes care of different fault currents, in that a 

lesser 1Z drop is required when current is not so great. 

For the loop system, directional discrimination is 

required, since fault current may flow in either direction in 

the line. The directional feature, as explained in Appendix B, 
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is a watthour meter element, prevented from rotating when power 

is in one direction, hut operating to close contacts when in 

the other direction. For small loop systems, this feature is 

added to the overcurrent relay, the combination being adjust

able for current magnitude, current direction, and time. Ap

plication of directional relays to loop systems is made by 

starting at the source station, considering one path around 

the loop, installing relays on the "outgoing" feeders at each 

substation, connected to function for outgoing excess power, 

just as though the path being followed were from generating 

source out to end of a dead end feeder. The other path around 

the loop is then considered in the same light, and relays in

stalled accordingly. The result is that all lines at all sub

stations are equipped with relays set to trip for excess power 

away from the substation bus. Since power may flov/ only away 

from the generating source bus, outgoing feeders from this sta

tion may be protected by the simple overcurrent relay. The 

same limitations in applying the directional overcurrent relay 

exist as for the plain overcurrent relay, and the solution is 

the same - addition of the distance discriminating feature. The 

distance directional relay is the same as the distance relay 

except for the addition of the directional feature, and needs 

no discussion. 

Network systems require more attention in the applica

tion of relays, and each must be given individual attention in 

determining the basis of selective action. In general, with two 

or more power sources feeding the network, the overcurrent relay 

with time, distance and directional features is required. 

The system at hand is not very complex, and with the 
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exception of four lines, is a loop system with one power source, 

The changes are that the overcurrent relay with time and direc

tional discrimination will be suitable. As a matter of fact, 

this is the type protection used. 

The same general principles which must be considered 

in applying line relays hold for ground relays also. In con

sidering the protection against ground faults for the system at 

hand, the following should be noted: 

First, the values of fault current as determined are 

maximum values for faults at station busses. Impedance of the 

fault has been omitted from the calculations. This item is of 

particular importance in the faults involving ground currents, 

as any impedance in the return path is put into the zero se

quence network at a value of three times its actual ohms. A 

majority of ground faults are high resistance leaks, and if the 

ohms at the fault is as low as twenty, the ground current will 

be halved. Again, the faults actually occur on the line in

stead of the station busses, and if the lines were considerably 

longer it would be necessary to determine currents for the faults 

located midway between the stations. The total ground current 

would not be particularly different from that at the station bus 

fault, but distribution throughout the network might be. However, 

the determination of ground currents is for maximum values only, 

and the current for a fault just outside the station will be 

same as that for the station. 

Second, in the case of double phase to ground faults, 

the zero sequence component is very small in comparison with 

total fault current. Referring to Tables 5-10, ground currents 

for this type fault are approximately 200 amperes, whereas line 



current is of the order of 6000 amperes. Minimum current set

ting of ground relays is 1/2 ampere, corresponding to 20 ground 

amperes if the current transformer ratio is 200/5. If line re

lays are set at 10 amperes secondary (100 percent overload on 

the line) corresponding line amperes is 400. Hence, despite the 

fact that the ground relays operate at a current l/20 that of 

the line relays it is seen the current in the ground relay dur

ing fault is 1000 percent of its setting, whereas that through 

line relays is 1500 percent its setting, if the relay is in a 

line carrying total fault current. This will seldom he the 

case, and on the assumption positive, negative, and zero se

quence distribution factors of the line in question are .4, the 

percentages will be, respectively, 400 and 600. Unless the 

line relays are set at a definite minimum time greater than the 

ground relay time setting, they will operate to close contacts 

and clear the fault before ground relays may do so. Of course 

the fault is cleared either way. 

Actual setting of relays at the different stations 

cannot be determined without knowledge of the current trans

former ratios. 
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Appendix A 

Resolution of Unbalanced Three Phase Vectors 
into Symmetrical Components 

Any unbalanced n system of three co-planar vectors 

is completely defined by six parameters; the system possesses? 

six degrees of freedom. When, however, one applies the restric

tion that the system be symmetrical, the added restraint reduces 

the system to one of two degrees of freedom. Going a step fur

ther, it is quite conceivable that a system of three co-planar 

vectors with six degrees of freedom can be defined in terras of 

three symmetrical systems of vectors, each having two degrees 

of freedom." 

Such decomposition would considerably simplify, if not 

actually make possible in a number of instances, the determina

tion of system magnitudes under unbalanced fault conditions. The 

development and adaptation of these components to the solution 

of such problems was first publicly demonstrated by G. L. Fortescue 

in "Method of Symmetrical Co-ordinates Applied to the Solution 

of Polyphase Networks," a paper presented before the A.I.E.E., 

June, 1918. 

This paper and the discussion appertaining are highly 

mathematical, and the applications deal chiefly with problems as

sociated with rotating machinery. In discussing the paper, Prof. 

Karapetoff suggested "the expression 'Symmetrical Components' is 

a more correct and descriptive term of the method than the term 

'Symmetrical Co-ordinates'," and his suggestion has been followed 

generally. 

A number of articles and papers have appeared since 

that mentioned, some of which are included in the Bibliography. 

Probably the most thorough are the "Symmetrical Components" 
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articles, by Wagner and Evans, from the first of which is taken 

the quotation constituting the first paragraph of this Appendix, 

The method of Symmetrical Components was developed as 

a tool, but it does not follow that these components are abstract 

mathematical conceptions. The existance and value of any compo

nent of current and voltage may be determined by properly con

necting instrument transformers to the primary system, and the 

impedance to flow of any component current may be measured. 

Furthermore, standard equipment, operating in response to a se

lected component, or groups of components, has been on the mar

ket some time, witness the positive phase sequence voltage regu

lator. Ground relays are actuated by zero sequence currents,or 

the interaction of zero sequence currents and voltages. 

A system study by this method has in many instances 

resulted in changes in method of protection, setting of relays, 

application of circuit breakers and in determination of charac

teristics of nev/ generating and transforming devices. 

The discussion of the theory in this Appendix is lim

ited to that portion necessary to explain the application to the 

specific problem at hand. This limitation does not particularly 

curtail exposition of the theory itself, but limits discussion 

of equipment characteristics to such apparatus as is encountered 

in this particular system. 

The value of the method as a means of solving systems 

is dependent upon the condition that the impedances of the three 

phases of the system are equal. It is important to note that, 

in the following discussion, all vectors rotate in the positive 

(counter-clockwise) direction; root mean square values are used 

throughout; capital letters indicate vector quantities for the 
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customary magnitudes, 

The vector operator a is used extensively, and is 

defined: 

A 
a = 1.0 )120° = - .5 + j .866 = *J ~3~ = fJ 1 2 0 ° 

from which i t may "be shown tha t : 

a2 = 1.0 )240° = - .5 - J .866 = £J % = €J 240^ 

a 3 = 1 . 0 

a^ = a", e t c . = a 

a 5 = a8^ e t c . = efi 

a6 = a 9 , e t c . = a 3 =• 1 

1-a = i a 2 [ 3 ] V 2 = 1.5 - j .866 

l - a 2 = - j a [3 ]V2 = 1.5 + j .866 

a + a2 -f~ 1 = 0 

a -V- a2 = -l 

a - a2 = j [3]V2 

a2 - a = -j[3]V2 

a - l=-j a ^ ] 1 ^ 

a2 - 1 - j a [3jV2 

The three component systems are termed the positive 

phase sequence system, the negative phase sequence system, and 

the zero phase sequence system. 

Assume an original unbalanced system Ea, E^, Ec, 

reaching a maximum in the order given. 

The positive phase sequence component system is de

noted by the subscript 1, and is defined? 

E a l = E a l Et>l= a 2 Eal Ecl = a E a l (1) 

The negative phase sequence component system is de

noted by the subscript 2, and is defined: 

Ea2 = E a 2 Ebg = a E a 2 E c 2 = a2E a 2 (2) 

The zero phase sequence component system is denoted 

by the subscript 0, and is defined: 

EaO = Eao EbO = Ea0 Ec0 = Ea0 (3) 
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In reality, therefore, only two of the component sys

tems, the positive and negative, are symmetrical, the three vec

tors of the zero sequence system being in phase• The magnitudes 

of the three vectors in any component system are equal. 

' Prom the definitions given, the nomenclature of the 

component systems may be understood: the vectors of the positive 

sequence system reach a maximum in the same order as the origi

nal system, a, b, c; the vectors of the negative sequence reach 

a maximum in the order reverse to that of the original system, 

c, b, e.; the vectors of the zero sequence system reach a maxi

mum at the same time (i.e., there is no sequence of vectors in 

this system). Note the term negative applies to the sequence 

in which the vectors reach a maximum, and not to the rotation, 

As stated before, all rotation is counter-clockwise. 

The components must add to the original: 

Ea = Eai + E a 2 + E a 0 = E a l + E a 2 4" E a 0 (4) 

Eb = Ebl + Eb2 + Eb0 = a2Eal + a E
a 2 + E a 0 (5) 

Ec = Ecl + Ec2 + Ec0 = a E a l + a^E^ + E a 0 (6) 

Adding the three equations, 

Ea0 = 1/3 (Ea +• Eb + E0) (7) 

Multiplying the second by a and the third by a2, then adding, 

Eal = 1/3 (Ea + aEb + a^Ec) (8) 

Multiplying the second by a^ and the third by a, then adding, 

E a 2 = 1/3 (Ea+ a % + aEc) (3) 

E usually represents voltage, but it is obvious the 

decomposition effected above is appropriate to systems of cur

rent, flux or any other complex quantities. 

These equations suggest a method for the graphical 
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determination of the various components. When solving by this 

means, a little time may be saved by remembering that the vector 

from the origin to the center of gravity of any triangle equals 

one-third the vector sum of the three vectors from the origin to 

the vertices of the triangle. 

Equations (7), (8), (9) give the three components of 

the vector representing phase a. Corresponding components of 

the other two phases are determined by the expressions in the 

group of equations (1), (2), (3). Phase a is arbitrarily cho

sen as the reference phase, but calculations may be carried out 

with any phase as reference phase. 

Consider a three phase line in which the currents are 

Ia, I"b, Ic# The zero phase sequence component is l/3 (Ia -t- It, + Ic) 

and this component exists in each of the phases. Since these cur

rents cannot return over a line wire, they must do so through 

the ground circuit, so the ground, or residual current equals 

(Ia + Ib + Ic) or 3 la0. 

Refer to the circuit represented in group (a) of Fig

ure 18. The three phases offer: equal self impedance, Zaa; 

equal mutual impedances between phases, Zab; equal mutual impe

dance between phase and return,Zan; the self impedance of the 

return path Zj^^. The circuit may represent any usual static ma

chinery, such as transformer bank, transmission lines, etc. 

It is desired to determine the relations between the 

impedances and the various sequence components of current and 

voltage: 

By inspection: 

Ea = IaZaa + (lb + Ic) Zab + InZan - InZnn -da + lb + Ic) Z a n 

:t\ 
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E a - la
 zaa + (*X> + xc> zab + 3 IOznn - 6 xOzan 

Similarly: 

Eb = lb
 zaa 4 (Ia + Ic)

 zab + 3 IOznn - 6 xOzan 

Ec = Ic
 zaa + Ua + x ^ zab + 3 xOztm - 6 xOzan 

TYiereSore, tYie positive sequence: 

Eal = 1/3 (Ea + aEb 4- a
2Ec) = l/3 (la 4- alb 4- a

2Ic) Zaa 

+ 1/3 (lb + Ic 4- ala 4- al0 4 a
2Ia 4- a2lb) zab 

4- 1/3 (1 4- a 4- a2) 3 I0Znn - 1/3 (1 4 a 4 a
2) 6 I0Zan 

remembering that 1 4 a 4 a2 = 0 and I a l = l/3(Ia 4 alb +
 a2Ic) 

Eal = Ial (zaa - zab) 

The negative phase sequence 

E a 2 = 1/3 (Ea 4- a
2Eb 4- aEc) = l/3 (Ia 4 a

2Ib 4- alc) Zaa 

+ 1/3 (Ib 4- lc 4- a
2Ia 4 a

2Ic 4 ala 4- alb ) Zab 

+ 1/3 (1 4 a2 4 a) 3 I0Znn - (1 4 a
2 4 a) 6 I0Zan 

Ea2 = xa2 <zaa " zab) 

The zero phase sequence 

, E a 0 = 1/3 (Ea 4- Eb 4- Ec) = 1/3 (Ia + Ib + Ic ) Zaa 

+ 1/3 (Ia 4 Ib 4- Ic) 2 Zab + 1/3 x 9 Iô nji - 1/3 3C 18 lQZan 

EaO = Io(zaa+ 2zab + 5zrm ' 6 zan) 

Recapitulating and transferring 

T - Eal _ Eal n nx 
Xal - Z a a -

 zab - Z T ( 1 0 ) 

Ia2 = 7
 E a 2

7 rr^S (11) 
^aa " ^ab L2 

l a 0= -3*2 _=a0 (X2) 
zaa + 2 zab + 3 znn " 6 zan zO 
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These three equations indicate the property largely 

responsible for the importance of symmetrical components; i.e» 

the independence of the different sequence systems when applied 

to an original system having equal impedances per phase. In 

such an original system, positive sequence currents produce only 

positive sequence voltage drops, negative sequence currents pro

duce only negative sequence voltage drops and zero sequence cur

rents only zero sequence drops. For this reason, the polyphase 

system represented in Figure 18, group (a) may "be replaced by 

three independent single phase systems, shown in groups (b), (c), 

(d), which are individually much easier to handle. 

Since the return current conductors of the single 

phase system contain no impedance, the impedances Z, Zg> ZQ may 

be used directly in single line diagrams. 

These equations also give expressions for the deter

mination of the impedance offered by the circuit to current of 

the several phase sequence components. Z\, Zg, ZQ are known 

respectively as "impedance to positive sequence current", "im

pedance to negative sequence current" and "impedance to zero 

seqiience current." Impedances are discussed more fully in the 

section giving constants of equipment, 

As the conditions assumed above apply only to static 

machinery, the deductions are subject to the same limitations. 

However, in so far as independence of the component systems is 

concerned, this property is also true of rotating machinery. 

The only condition necessary for separation is that the impe

dances offered by the three phases be equal - a requirement in

herently met by practically all modern equipment. 
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Solution of a network is made by reducing the network 

to three sequence "equivalent impedances" similar to those of 

groups (b), (c), (d), Figure 18, connecting these in a manner 

to satisfy the conditions of the fault, solving for the sequence 

component currents at the fault, then in the branches, and fi

nally adding the three components in each branch to obtain phase 

magnitudes of the original system. Voltage at any point is de

termined by adding 1Z drops in each sequence network to the 

point in question. 

The remainder of this appendix is therefore devoted 

to a discussion of the method of determining the impedance to 

sequence currents of the different types of equipment encount

ered in this study, the proper connections of the three sequence 

networks for the different types of faults, and methods for re

ducing original networks to "equivalent impedances." 

Constants of equipment. 

From equations (10), (11) and (12): 

zl — zaa - Za£ 

z2 — zaa - zab 

z0 ~ zaa + 2 zab + 3 znn - 6 zan 

in which Z±, Z2, Zo are the impedances, respectively, to posi

tive sequence current, negative sequence current, and zero se

quence current. 

Impedances, being vector quantities, may be broken 

into phase sequence components in the same manner as voltage and 

current vectors, and these components, following the nomencla

ture of similar components of the other quantities, would be 

termed "positive sequence impedance", "negative sequence impe-
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dance" and "zero seqizence impedance," It is only necessary to 

resolve impedances into sequence components when the actual 

impedances of the three phases of the original system are unequal 

Practically all electrical power equipment, motors, 

generators, transformers, transmission lines, etc., have equal 

phase impedances,and for this customary condition, the equa

tions (10), (11), (12) show it is not necessary to determine 

the sequence components of impedances in order to arrive at the 

impedances limiting the magnitude of component currents. Of 

course, at the fault, conditions are different for the differ

ent line phases, but in general, from supply to fault, system 

impedances are equal in ail phases. 

This has led to the general adoption of an inexact 

terminology, in that the impedance offered to positive sequence 

current is called "positive sequence impedance", that to nega

tive sequence current is called "negative sequence impedance", 

and, similarly, "zero sequence impedance." The general practice 

is followed throughout this study, so the expressions Ẑ _, Z% and 

ZQ are termed,respectively, positive, negative and zero sequence 

impedance. 

This section is devoted to a discussion of the impe

dances of different types of equipment encountered in this in

vestigation, 

(a) Transmission Lines, A device frequently used to fa

cilitate calculation of inductance and capacitance of transmis

sion lines is known as the geometric mean distance. This enters 

from a determination of an equivalent simple conductor that v/ill 

have the same inductive (and capacitive) effect on itself and 
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on other conductors, as the one, two, or more actual parallel 

conductors that it replaces, 

Replacing the actual conductor or group of conductors 

by an imaginary tube of infinitesimal thickness, all the cur

rent may be considered as flowing at the surface, and therefore 

no flux within the conductor. This replacement is of particular 

use in calculating the zero sequence impedance of a polyphase 

line, or of parallel lines, 

The geometric mean radius of a conductor is the ra

dius of the imaginary replacing tube. For uniform current dis

tribution, non-magnetic material, this radius is equal to the 

geometric mean distance from the conductor to itself. The G.M.D. 

of a conductor to itself has a mathematical definition, whereas 

the G.M.R. is based upon inductive effect, so that in instances 

where current distribution is not uniform, or the conductor is 

of magnetic material, or for other reasons, it is necessary to 

correct the G.M.R,, and it no longer is the equivalent of the 

G.M.D. of the conductor to itself. 

The formula for the inductance of one wire of a line, 

return at distance D, solid conductor, radius a, unit permeabil

ity, is 

L = 2 log £ (£) + l/2, abhenries per cm. 
^ a / 

The inductance of the imaginary tube, radius r, is to 

be 

L = 2 log^ ( — y, same units 

since the l/2 is due to flux inside the wire. The two expres

sions are equal: 
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2 l ° g £ ( £ ) = 2 l o g e ( £ ) - f 2 log^ £ 

= 2 log£ 

.25 
- -~Ofc v-

D £ » 2 5 

a 

° r 25 
r = a £ #^D = .779 a 

Other conductor G.M.R.: 

M a t e r i a l SI branding G.M.R.' 

Non-magnetic So l id .779 a 

It It 7 .724 a 

It II 19 .759 a 

It It 37 • 767 a 

It tf 61 .771 a 

A. • C • S % R • a l l .95 a 

With the same limitations; 

The geometric mean distance between two circular con

ductors is the physical distance betv/een their centers. 

The geometric mean radius of a group of three circu

lar conductors is: 

Group G.M.R. = [G.M.R. x D2]1/^ 

in which 

G.M.R. = conductor geometric mean radius 

and D = equivalent spacing — [d^ dg d3] /3 

The geometric mean distance from a group of three cir 

cular conductors to another group of three circular conductors, 

is: 
1 / 

G.M.D. = [dla dlb dlc dga d2b d2c d3a d3b d3c] '9 

Stated in words, this is the ninth root of the nine

fold product of the distances from each conductor in one group 

to each of the conductors in the other group. 
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Positive sequence impedance. 

zl = zaa ~ zab 

Zaa is the self impedance of the conductor, and is 

the vector sum of the resistance of the wire and the reactance 

due to its own current, with return at a great distance. 

zab contains no resistance component; it is the reac

tance in conductor a due to current in the other conductors dis

tant D from a, where D is line spacing, 

Xaa, reactance component of Zaa, is a function of all 

the flux caused by current in a, integrated from zero to P, the 

return,ĉ a (0-*P) where zero is the radius of the imaginary re

placing tube. 

Positive sequence currents are symmetrical three phase 

currents, so if the system is considered at the instant Iaj is a 

maximum, then the currents in each of the other conductors are 

equal, and equal Iai/g; flux caused by each of these currents 

is half that due to Ial. Reactance in a is due to only that 

portion of flux from other conductors which cuts a, l/2 4>a(D-*-P) > 

from each. 

The effects of the currents in the other two conduc

tors are additive, so 

Z|= R + J(/)4>a(0-~P) - i (/%(D-*P) 

— R "+* j ( /)<Pa[ (0-»*P) - (D-*-P)], s i n c e the same func

t i o n a p p l i e s to bo th f l u x e s , 

= R + J(/)<J>a(0-D) 

Prom this it is seen that the positive sequence impe

dance of a transmission line is the same as the impedance custom

arily used, for which tables are prepared giving resistance and 
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reactance per mile for different sizes and spacings of conduc

tors, 

The above is correct for equal spacings between con

ductors, In the case of irregular configuration, it is correct 

if transpositions are made, but when this is not done, the im

pedances of the phases are no longer equal and considerable com

plication results. In general, the method is sufficiently ac

curate lines with conductors assymraetrically arranged, even 

without transpositions; in the particular system at hand, con

ductor spacings are all fairly equal. 

Positive sequence Impedance may be obtained from ta

bles or from the following: 

Z-i = R + 1 .05248 log-in . ?— , ohms per 1000 ft,, 60 cycles. 
I «J e>IU &.M.R. J 

D is the equivalent spacing, and G.M.R. is the conductor geo

metric mean radius, in the same units as D, 

The positive sequence impedance of two identical par

allel lines is taken as one-half that of one line. This is not 

exact, as even with transpositions to eliminate mutual induc

tion between the two, there is a further reduction of approxi

mately three percent, but neglecting this three percent does not 

cause a corresponding error in the fault current, 

Negative sequence Impedance is the same as positive 

sequence impedance for all non-rotating apparatus, 

Zero sequence impedance is the impedance offered to 

equal and in-phase currents in each of the overhead line conduc

tors, with return through the ground circuit. There are no 

ground wires within the distribution system at hand, and all 

return is through the ground. 
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Zero sequence impedance is therefore a special case 

of a single phase circuit, in which one conductor consists of 

the three line wires in parallel, the other conductor being the 

earth, 

The expression for the inductance of one wire of a 

single phase circuit is 

L = 2 logc P , abhenries per cm. e G.M.R. 

P is the spacing of the two conductors, 

When both conductors are same size and same material, 

the inductances of the two are equal, and the reactance of the 

complete circuit is a function of twice the expression given. 

Prom a consideration of the geometrical configuration 

of an overhead transmission line with ground return, it is ap

parent the go and return conductors are of entirely different 

properties, and consequently their inductances are not equal, 

In computing the reactance of such a circuit, it is necessary 

to make separate calculations for each side. The same expres

sion applies to the ground circuit as to the overhead conductor, 

the only difference being that G.M.R. in the case of the line 

is the geometric mean radius of the group of three conductors, 

whereas it is the geometric mean radius of the earth path when 

applying the expression to the return side of the circuit. 

Applying the expression L - 2 log^D/G.M.R.) to the 

overhead line results in a quantitative value for the inductance 

of the overhead conductor. This conductor is in reality three 

parallel wires, and the inductance of any one is therefore 

three times that of the group. 

Now consider the determination of the inductance of 
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the ground return path by the same method. G.M.R. is obviously 

very nearly equal to D, and the resultant inductance is quite 

small, depending upon the geometric mean radius of the earth 

return path. 

The main value of considering the expression in rela

tion to the earth return path is the conclusion that inductance 

for this part of the circuit should be determined by test rather 

than attempting to theorize about probable earth G.M.R. It is 

easier to make tests including both sides of the cireuit. 

Considerable work has been done both in this country 

and abroad on the problem of zero sequence impedance. It is 

apparent the distribution of return current in the earth is de

pendent upon condition of the soil, dry or damp, upon geologi

cal formations„ conducting veins, etc. 

The expressions generally used for zero sequence im

pedance of transmission lines result from emperical formulae pre 

sented by John R. Carson in "Wave Propagation in Overhead Cir

cuits with Ground Return," see bibliography. While the article 

concerns only single phase circuits, the conclusions may be cor

rected to cover the condition of the power transmission line, 

and the results are important in that they afford a means for 

evaluating peculiar local conditions of the earth, and incorpo

rating them in the expression for zero sequence impedance. 

For the usual transmission line, with ordinary spac

ing, the Carson formula may be changed to give the following 

expression for the zero sequence impedance: 

Z0 = R + ,0542 -Y i .1587 log10
 P e T ohms per 1000 ft., 
G.M.R. p e r phase, 60 cycles. 

in which 
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R = resistance per 1000 ft. of one overhead conductor 

De= equivalent depth of earth return. 

G.M.R.= group geometric mean radius of overhead conductors, in 

same units as De. 

The 0.0542 represents resistance per 1000 ft., of 

earth, at 60 cycles, and is independent of earth conductivity. 

Wagner and Evans explain this by pointing out that at high con

ductivity the current path is restricted to a small section area 

below the line, whereas at low conductivity the current spreads 

out over considerable area. Test and experience indicate the 

return path follows very closely the overhead line, rather than 

cutting across country to return by the shortest physical path, 

and it is for this reason the expression for earth return re

sistance and reactance may be incorporated with that for the 

line. As a matter of fact, 0.0542 is not the actual resistance 

of the ground per 1000 ft. Zero sequence currents exist in 

each of the line (when at all), but computations are made for 

only one phase. The total current returns through the earth, 

hence total resistance (and reactance) drop in the return path 

in three times what it would be were only the zero sequence cur

rent of one phasse returning. In order to refer this drop to a 

single phase circuit with one-third the ground current, it is 

necessary to multiply any actual neutral path resistance (or 

reactance) by three. This also applies to resistance of arcs 

to ground, transformer grounding resistors, etc. 

The equivalent depth of earth return, De, is the depth 

at which the return current may be considered as concentrated 

upon a conductor. It is in the selection of this distance that 
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local peculiarities of the earth may be taken into account, 

Carson brings out that the equivalent depth is dependent upon 

earth conductivity, and Figure 19 expresses this relation. This 

figure also gives a graph for determining the zero sequence re

actances (self and mutual) for various group G.M.Rs. and equiv

alent depth of return. 

Earth conductivity for Tennessee, as found by test, 

is 10 abmhos per cm^, corresponding to a depth of 8800 ft., 

the depth for very dry earth, and this value is used in the 

study for the high tension line calculations. However, Knox-

ville is situated at the confluence of the Holston and French 

Broad Rivers, marking the beginning of the Tennessee River, so 

it is reasonable to assume the earth around Knoxville as damp. 

Earth conductivity for the distribution network is therefore 

assumed as 10"*, corresponding to an equivalent depth of 2800 

ft. The reactance at this depth is about 10 percent less than 

at the deeper. 

Reactance component of zero sequence impedance of par

allel lines is not one-half that for one line, as is the case 

in the positive and negative sequence net?/orks. The inductive 

effect of all conductors are additive on each, different from 

the positive sequence condition. 

In short, the zero sequence impedance of ty/o identi

cal parallel transmission lines is: 

Z0 = £ + 0.0542 + i 0.1587 login D e ohms per 
2 1/ 1000 ft. 

[(G.M.R.)(G.M.D.)] /2 60 cycles. 

Here DQ is as before, G.M.R. and G.M.D. are respec

tively the geometric mean radius of one of the line groups, and 
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the geometric mean distance between the two groups. 

It is sometime preferable to use the self and mutual 

impedances of parallel lines separately. The self impedance of 

one line is that already given for the zero sequence impedance 

of a three phase line* The mutual zero sequence impedance for 

one line is 

z0m = *0542 -+- 1 .1587 log10—£fL*.,ohms per 1000 ft, 60 cycles 
G.M.D. 

(b) Transformers. Transformers, like transmission 

lines, offer equal impedance to negative and positive sequence 

currents, because reversal of phase sequence does not cause re

versed rotation of any mechanical parts such as is the case with 

generators and motors• 

It is not necessary to make any particular calcula

tions to determine the various impedances of transformers. It 

could be done, and is done by manufacturers in designing trans

formers to have a specified reactance. The nameplate of most 

transformers is stamped with percent reactance on rated KVA. 

base, and this is the value to be used. If reactance is desired 

in ohms on a voltage base instead of percent on a reference KVA. 

base, the conversion is made by 

Ohms — % impedance x (KV.)2 x 10 

in which the % impedance is expressed as percentage and not as 

a decimal, KV. is line reference voltage, and KVA. machine rat

ing. 

The impedance of transformers may be considered as 

all reactive. 

The "equivalent circuit" of a transformer is used in 
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the network diagrams, the admittance branch, representing ex

citing circuit, is omitted. 

Hence a two winding transformer is represented on the 

positive and negative sequence diagrams by an inductance of the 

value determined from the nameplate reading. The zero sequence 

reactance of a two winding bank is either the same as the posi

tive and negative reactances, or it is infinity, depending upon 

whether or not there is a path for zero sequence currents. 

Prom a consideration of the nature of zero sequence 

currents, it may be appreciated that the only means by which 

such can get into and pass through the transformer windings is 

a connection from neutral of the bank to the return path; in 

other words, the windings on the fault side of the bank must 

be grounded. 

Compensating currents must then exist in the other 

winding, which, if delta connected, provides a free path, the 

zero sequence compensating currents, being in-phase in the delta 

windings, circulate in the same manner as third harmonic cur

rents, and the impedance of the bank is the same as positive 

and negative sequence impedance. Since the compensating cur

rents circulate in the delta, they cannot pass into the system 

connected to the delta side, therefore representation on the 

zero sequence diagram is by an inductance connected on one side 

(Y) to the fault portion of the system, the other side connected 

to the bus of zero potential, but disconnected from the system 

of the delta side. 

If the other winding is also wye, grounded, a path 

is provided for compensating currents, which, however, must pass 

over the lines of the system to which the winding is connected, 
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and return through some other wye connected equipment to the 

ground, through which the circuit is completed. Representation 

on the network diagram is by an inductance connecting the pri

mary and secondary systems, same as for the positive and nega

tive sequence networks. 

The three winding transformer representation is some

what different. In the first place it is necessary to deter

mine the reactances of the individual windings. The positive 

sequence reactance between each pair of windings is given on the 

nameplate. Designate the quantities associated with the primary, 

secondary and tertiary windings by the subscripts a, b, c, re

spectively , The reactance encountered in the transfer of energy 

from primary to secondary is the sum of the reactances of the 

primary and secondary windings. 

zab ~ za + zb 

also Z ac=.
za+ zc 

and Zfoc = Zb + Zc 

So the impedances (or reactance) of the individual 

windings are: 

7 _ zab + zac - zbc ^a — 

ZD = 

zc = 
c 2 

Representation on the positive and negative sequence 

networks for three winding transformers is made by a group of 

three impedances, connected in wye, each branch having a value 

of impedance (considered wholly reactive) equal to that deter-

2 

zab + Zbc - zac 
2 

zac + zbc - zab 
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mined above, the three branches being connected to the three 

lines representing the original connections to the transformer. 

In the system at hand, the tertiaries of transformers, when 

connected, are considered as shunt branches and are omitted. 

Hence representation on the positive and negative sequence net

works is the same as for two winding transformers. 

The same considerations in the matter of zero se

quence currents apply to three winding transformers as to two 

winding. First it is necessary for the zero sequence currents 

to get into the bank, second it is necessary that there be a 

path for compensating currents. 

There are now two possibilities for compensating cur

rents, either the other two windings, or both, may provide a 

path. Each winding and the system connected thereto, is con

sidered separately, and the connections made for each as though 

it were part of a two winding bank. 

Prom this it is seen that a delta connected tertiary 

may, in a sense, short out all the zero sequence network con

nected to the primary, since its path is directly to the bus of 

zero potential-, whereas the other is through the complete zero 

sequence network to the same bus. The currents through the 

primary and tertiary are inversely as their reactances to the 

zero potential bus, when fault is on the secondary side of the 

bank. 

(c) Machines. Motors and condensers supply current to 

a fault during the first few cycles and before their rotational 

energy has had time to die down. These machines must therefore 

be considered along with the generators as a source of fault KVA. 
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There are no motors to be considered in the system 

at hand, and the only condenser is small, with consequent high 

relative reactance. The only generators about which there is 

any data are the Waterville machines, and the question of ma

chine constants will therefore be limited to them* No attempt 

is made to go into the theory thoroughly, both because it is 

not necessary to consider machine characteristics so exactly in 

the study, and also because of space limitations, 

Recently there have been some advances in the theory 

of synchronous machines, making possible the accurate analysis 

of unbalanced load and fault conditions. Considerable work is 

still being done on the subject, and doubtless the next few 

months will see the development of procedure in dealing with 

machine problems to a more or less standardized form. Several 

important papers were presented at the mid-winter convention of 

the A.I.E.E., January, 1932, and the subject is much more com

prehensively covered by them, 

New terminology has been created to care for the con

stants developed in the new theory. Also new decrement curves 

have been published, superseding the "standard curves" given in 

the N.E.L.A. Relay Handbook and various manufacturers' pamphlets 

Figure 20 shows short circuit current in a phase hav

ing no assymmetrical component. The same envelopes of current 

could be obtained from a duplicate short circuit in which the 

wave is assymmetrical, by subtracting the assymmetrical compo

nent. 

The current wave in any (sudden) short circuit (three 

phase, line-to-line, etc.) may be resolved into components: 



Sub - Transient 

Sustamed 

Slow/ly decaying 

V/ Rapid I y decay ing 

Typical Fault Currents determined by 

the various posi t ive . sequence 

Machine n e a c t a n c e s . 

FIG. ZO 

MACHINE. SHORT CIRCUIT CURRENT. 
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(1) Assymmetrical. 

(2) Symmetrical. 

(a) Sustained. 

("b) Slowly decaying. (This is due to currents 

induced in the field winding or other high 

conductivity paths in the rotor.) 

(c) Rapidly decaying. (This is due to currents 

induced in "extra" rotor circuits - damper 

bars, solid iron field collars, etc.) 

The assymmetrical component is the customary D. C. 

component. Its maximum value at zero time (for short circiiits 

from no load) is equal to the peak A.C, at the same instant. 

Decay of the as symmetrical component is represented "by the D.C. 

time constant, T^c, the time in seconds from the instant of 

short circuit for the as symmetrical component to decay to 36.8% 

of its initial value. 

The symmetrical component is as shown in Figure 20. 

In order to tie this figure in with machine constants, the con

stants concerned are listed. 

Reactances. 

(1) Positive sequence. 

Sub-transient reactance, XJJ 

Transient reactance, X^ 

Synchronous reactance, X^ 

(2) Negative sequence reactance 

(0) Zero sequence reactance. 



-Time Constants. 

Ti Open circuit transient time constant. 

Tl Short circuit transient time constant. 

Tji Short circuit sub transient time constant. 

The initial symmetrical short circuit current is de

termined by the sub-transient reactance, in conjunction with 

the corresponding internal voltage. As shown in Figure 20, 

this component decays rapidly, T^ being the time in seconds 

required for the difference between the total symmetrical cur

rent and the slowly decaying component of symmetrical current 

to decay to 36.8 percent of its initial value (difference). 

Peak value of the initial subtranslent current is indicated by 

a, Figure 20. 

Currents determined by the use of the transient and 

synchronous reactances, in conjunction with appropriate internal 

voltages, are noted in the figure. 

New standard decrement curves, based upon the new 

theory,were first published by W. C. Hahn and C. F. Wagner in a 

paper "Standard Decrement Curves1' before the A.I.E.E. conven

tion, January, 1932* 

In so far as this study is concerned, the old standard 

curves indicate same as the new, I.e., that for system impedance 

of over 100$, the initial values may be considered sustained. 

This is not initial subtransient, but initial transient values. 

Connection of the Phase Sequence Networks for Different Types 

of Faults. 

Faults are of the following types: 
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(a) Three phase short. 

(b) Two phase short. 

(c) Single phase to ground. 

(d) Double phase to ground. 

By far the most common of these is' the single phase 

to ground, either direct (low resistance), caused by line break

age, or by insulator flashover, a high resistance ground fault, 

Probably next in frequency of occurrence is the case of short 

circuit of two conductors, caused by debris blown into the line, 

or thrown in by boys. The three phase short is much less fre

quent than any, and probably next is the double phase to ground. 

These two are generally due to some serious accident to poles 

or towers• 

It has been stated the only method by which negative 

and zero sequence voltages (and consequently currents) get into 

a system is by transformation from positive sequence voltages 

by the fault. For the different faults, there are different 

connections of the sequence netv/orks in order to introduce these 

voltages into the system. There are also other conditions to 

be met, and it is necessary to analyze each of the faults in or

der 'to determine proper connections of the component networks. 

The customary treatment at the point of fault is rep

resented in Figure 21 group (a). Dead end jumpers are consid

ered as tied to each of the three line conductors, the fault 

being assumed to occur at the free ends of these jumpers. 

Ix, I-y, Iz are total fault currents, in corresponding jumpers; 

ex, ey, ez are potentials to ground. 

Three Phase Short. 

No unbalance is caused by this type fault, hence there 
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are no negative or zero sequence components of current or voltage, 

and the corresponding networks are not considered. Representa

tion is as shown in Figure 21 group (b). The positive sequence 

current, which in this case is the total current, is 

I - E 

Two pfaB.se short, 

There is no path for zero sequence currents, and this 

network is omitted. Since negative and zero sequence voltages 

are consequences (IZ drops) of corresponding sequence currents, 

eQ is also zero. 

The conditions of this fault, as determined by inspec

tion of Figure 21 group (c), are: 

I~ = 0 l„ = -i e — e 

Hence, with the unfaulted conductor as reference vec

tor, current components are: 

Izl = 1/3 d z + alx-t- *
2Iy) 

= 1/3 (0 -+ alx - a2ix) 

= (a - a2) l x / s 

Iz2 = 1/3 (Iz+ a^ix + aly) 

= 1/3 (0 -h a2Ix -alx) 

= (a2- a) ix/3-

from which Izg = - Iz]_> which suggests the connection of the se

quence networks shown in group (c). 

It is necessary to check voltage components in order 

to be certain the arrangement is satisfactory: 

ezl = 1/3 (ez + aex -V a?ey) 

pfaB.se
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^-1/3 [ez + ex (a H- a
2)] 

= 1/3 (ez - ex) 

ez2 - V 3 (ez+ a2ex + aey) 

= 1/3 [ez -+- ex (a
2 + a)] 

= 1/3 (ez - ex) 

from which ezi = ©z2« Reference to group e will show Ti and T2 

at the same potential, also Pi and P2 at the same potential, so 

the voltage components conditions are satisfied "by the grouping, 

Component currents are therefore 

:zl = - Iz2 = I,-, = - i, ~ - E 
z1 z2 

Single phase to ground, 

All the components of current exist in this type 

fault. Referring to Figure 22, group (a), it may be seen that: 

Iz = 0 Iy = 0 ez = 0 

Hence, using faulted line as reference: 

1x0 = 1/3 dx t l y + l z ) = 1/3 Ix 

I x l - 1/3 (lx-f aly-f a
2Iz)=l/3 lx 

xx2 = I/3 dx * a2ly + alz) -1/3 Ix 

or 

xxl = xx2 — 1x0 

which indicates the three networks should be connected in series• 

Checking to see the connection shown satisfied voltage condi

tions : 

Since ex — 0 

exl + ex2 t ex0 = ° 

The 1Z drops through the networks add to zero in the 
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reference phase. Since the return conductor is without impe

dance, it may be seen the points Fo and Ti are at the same po

tential. 

Component currents: 

Ixl - Ix2 - ̂ xO - E 
Zi + Z2 + Z0 

Double phase to ground. 

All the components of current exist in this type 

fault. Referring to Figure 22, group (b), conditions of the 

fault are: 

Therefore 

Jx = ° e x = ey = ° 

exl - ex2 = ex0 = e x 

~3~ 

and the sequence netv/orks are connected in parallel. 

Checking currents: 

Ixl = 1/3 (aly + a
2Iz) 

1x2 = 1/3 (a2Iy + alz) 

IxO = 1/3 (Iy + Iz) 

3 0 Jxl + xx2 + xx0 = 1 / 5 (1 + a + a2> <xy + Tz] 

= 0 

which condition is satisfied by the arrangement. 

The sequence components: 

T E 

xxl ~ 

!x2 — 

-xO 

Zl + 
Zo Z2 
z 0 +z 2 

zo 
z 0 + Z2 

l l 

z 2 
l l 

z0 -t- z2 



Reduction of Networks, 

In reduction of networks to a single "equivalent" 

impedance, the following relations are of assistance: 

Two impedances in parallel: 

Za x Zb 

Z = za +
 zt> 

zb 
za + zt> 

za 

la = 

Ib = Za+ % 

Star-delta transformation: 

A delta of impedances ZAB, ZAG, ZBG, between points 

A, B, C, may be replaced by an "equivalent" star network, neu

tral at N, whose impedances, respectively, are 

ZAB ZAC 
ZAB + ZAG + ZBC 

ZBA ZBC 
ZAB + ZAC + ZBC 

ZCA ZCB 

ZAN -

ZBN 

ZQJJ — 
ZAB + ZAC + ZBG 

In order to determine currents in the replaced delta, 

currents in the branches of the equivalent wye are found, and 

from these the potential difference between each pair of points 

of the original delta are figured. The potential difference, 

divided hy the original delta impedance between the two points, 

results in the branch current. 

Transformation to eliminate mutual impedance. 

Two branches, with self impedance Za and Zb, and mu

tual between them of Mab, connected at one end, may be replaced 

by an equivalent star, in which 

J 



100 

Impedance from common bus to neutral •= M^b 

Impedance from a terminal to neutral =. Za - Ma)D 

Impedance from b terminal to neutral — Z^ - MaC) 
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Appendix B 

Description and Application of Low Energy "CR" Relays 

to Ground Fault Protection. 

The Westinghou.se Electric and Manufacturing Company's 

CR" relays are known as directional overcurrent relays. Three 

conditions are necessary before the contacts close: (1) Current 

In excess of that for which the relay is set, (2) Power flow 

;must be in the direction for which the relay is connected to op-

ierate, (3) Conditions (1) and (2) must continue for sufficient 

fcime. 

The "standard energy" are for use as line protective 

evices in conjunction with standard instrument transformers. 

The "low energy" relays may be used as line relays when 

is necessary to energize the current coil from bushing type 

[current transformers* Low energy type are also used as ground 

elays. 

Relays for line protection are generally of the class 

&ving a range of current settings from four to fifteen amperes 

jp.T. secondary current) as this range fits in best with standard 

ractice of selecting current transformer ratios, 

Relays for ground protection, however, are so connect-

d that under normal conditions no current is through the relay, 

d therefore the current setting range may be made much lower, 

iving greater sensitivity to ground currents. The range is from 

§"5 to 2.5 amperes, providing seven taps at which the relay may 

set; 0.5, 0.6, 0.8, 1.0, 1.5, 2.0 and 2.5 amperes. 

The relay consists of two separate parts, the direc-

jonal element and the overcurrent element. Both operate upon 

J& induction principle. 

Westinghou.se
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Figure 23 is an internal wiring diagram of the ,rCRn 

low energy relay, contacts connected for what is known as "di

rectional control," i.e., the overcurrent element is inoperative 

unless the directional contacts are closed. 

As noted on the diagram, the "bottom element is the 

directional portion. In reality this is a watthour meter ele

ment, except that characteristics of the circuits are changed to 

cause maximum torque on the disc when current lags voltage "by 

15 degrees. Also the relay element requires only about 1% of 

voltage to operate. A stop prevents the disc from rotating when 

power is in the normal direction; with reversal of current, disc 

torque reverses and the element operates to close directional 

contacts. 

At the top is the overcurrent element. Taps are ta

ken off the main current winding up to a terminal block, by 

means of which the relay may be set to function at different cur

rent valves. The overcurrent element operates on the same prin

ciple as the directional element (i.e. the production of a shift

ing flux between the lower and upper pole pieces due to the 

interaction of the megnetomotive forces produced by the three 

windings). It is evident from the diagram that, since the aux

iliary windings of the ocercurrent element are energized by 

transformer action at the main pole of the element, and that 

the circuit to the auxiliary windings is through contacts of the 

directional element, it is necessary that this latter shall have 

closed before the overcurrent element begins to function. 

The trip circuit is completed by the overcurrent con

tacts through the operation indicator and the coil of an internal 

contactor switch. This switch shorts out the overcurrent con-
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tacts, relieving them of the tripping current duty, and as may 

be seen, it is necessary to.open the tripping circuit before the 

relay contactor switch will drop out. 

The complete assembly is mounted upon a cast base, 

current and potential studs projecting through the rear, for 

surface mounting upon a switchboard panel* The case is of metal, 

with glass front. Dimensions are: 10 3/4" high, 6 3/4" wide, 

6 l/4" deep, weight 20 pounds. 

Typical Time - Current curves of the low energy "CR" 

relay are shown by Figure 24. The particular curves are for 

the even numbered time dial settings, but approximate seconds 

to trip for any intermediate time setting may be determined by 

interpolation. Percent amperes is actual amperes through the 

relay in percent of the current tap setting. Hence, 10 relay 

amperes with 2.5 ampere setting will cause the relay to close 

contacts in the same time as would 4 relay amperes on the 1.0 am

pere setting - 4.7 seconds for number 10 time dial setting, 1.0 

second for #2 time setting. 

The "definite minimum time" feature is indicated by 

the curves in the region of the higher percent amperes. No mat

ter what the percent load for these higher values, the relay re

quires the same time to operate. Thus relays in several differ

ent sections of a line, all carrying the same fault current, may 

be set with successively higher "minimum time" settings, assur

ing that only the proper relay will function to clear the fault. 

Customary external connections of the "CR" ground 

relay are indicated in Figure 25. The directional element con

tacts close only when zero sequence current is flowing away from 

the busbars. If this current is of sufficient magnitude, and 
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exists for sufficient time, the rerlay operates to trip the 
- * 

breaker* 

The potential coil is connected in one corner of the 

delta connected secondaries of a set of star-delta connected 

auxiliary potential transformers. The neutral point of the pri

maries of these transformers must be grounded, in order to allow 

zero sequence exciting current to pass* Primaries of the auxil

iary transformers are connected to the secondary side of the 

three main potential transformers, which must be directly on the 

high tension line, connected wye-wye, both neutrals grounded. 

Auxiliary potential transformers are necessary because if the 

main potential transformers were connected wye-delta and the 

ground relay potential coil connected in one corner of the delta, 

the effect of the relay impedance drop would prevent use of 

meters and other relays off the same potential transformers, 

Figure 26 shows that a definite relay voltage is pro

duced for a fault on each of the three phases and that each volt

age is displaced from the other by 120 degrees. Hence, for any 

phase faulted, the angle between the residual current and the re

lay voltage remains the same, and the directional element of the 

relay will operate properly. The figure is for a system with 

neutral point grounded through a high resistance, but phase re

lations are the same for the condition of a solidly grounded 

neutral, the only difference being in the magnitude of the relay 

voltage, caused by the neutral not shifting in the manner shown 

for the high resistance neutral ground. 

For this reason, the auxiliary potential transformers 

are connected step-down when used with high resistance (or reac

tance) grounded systems. Relay voltage, with line voltage 13,200 

is therefore 95 volts, which is quite enough for a coil rated at 
110 volts. 
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