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INDUSTRIAL POWER SYSTEM FAULTS

I. INTRODUCTION

Power systems are subject to short-circuits. It is as impor-

tant to determine the short-circuit currents in the system, as it is

to determine the load currents when selecting circuit breakers and

fuses to protect the system.

The system should be protected in such a way that a faulty or

short-circuited section can be isolated from the rest of the system.

This can be accomplished by the coordinated use of circuit breakers

and fuses.

The proper size of circuit breakers or fuses is determined by

the magnitudes of the short-circuit and load currents.

The magnitude of the short-circuit currents depends upon the

energy sources, their impedances and upon the system impedance to

the fault location.

Transformers are often referenced as a source of short-

circuit current, which is not true. Transformers change voltage

and current magnitudes, but generate neither.

The short-circuit current delivered through a transformer de-

pends upon its impedance and upon the impedances of the generator

and the system to the terminals of the transformer.
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The object of this thesis is to represent and calculate unsym-

metrical faults on the delta side of a grounded wye-to-delta trans-

former bank. Three-phase and line-to-line type faults are adequate-

ly discussed by several authors. This thesis is specifically con-

cerned with the transformer secondary connections often encountered

in industrial installations. Faults on these systems for some trans-

former connections have not been adequately investigated with

symmetrical components.

To accomplish this object, three types of faults are considered,

namely:

1. A line-to-line fault between two phases.

2. A line-to-line fault on the center-tapped three-phase

circuit.

3. A phase-to-ground fault with the opposite center-tap

grounded.

Unsymmetrical faults in this system cause unsymmetrical

currents to flow. To determine these currents, the method of

symmetrical components is applied and it can be considered a con-

venient approach to solve such problems.

The behavior of the system can be determined by properly

forming and interconnecting the positive and negative sequence

equivalent networks of the complete system. If the unbalanced

voltages and currents are resolved into two balanced sets of
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components, the positive and negative sequence sets, the system

then can be analyzed as a balanced circuit problem on a per-phase

bases for each set. Zero sequence components are not included

because there is no sequence path for current flow.

Each one of the above three cases is considered separately.

The calculated results are compared with the actual system data as

recorded in the laboratory.
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II. LINE-TO-LINE FAULT BETWEEN TWO PHASES

The circuit diagram for a line-to-line fault on the secondary of

a wye-delta connected bank of single-phase transformers, with the

neutral point grounded, is shown in Figure 1. The fault is indicated

on lines b and c of the secondary side of the transformer.

This type of fault is an unsymmetrical fault, which causes un-

balanced currents to flow in the system. The symmetrical compon-

ent method is used herein, to determine the currents and voltages in

all parts of the system after the occurrence of the fault. Thevenin's

theorem allows us to find the current in the fault by representing the

entire system as a single energy source and series impedance con-

nected to the transformer.

The following equations, which describe the initial conditions

for this kind of fault, are used to derive the circuit equations in

terms of symmetrical component parameters.

Vao

Val

Va2

0

EA

0

Zo 0 0

0 Z1 0

0 0 Z2

"MEM

Iao

Ia l

Ia2

(1)

The initial conditions for this kind of fault can be represented

by the following equations:

Vb = Vc

Ia = 0

Ib = -Ic



Figure 1. Circuit diagram for a line-to-line fault on the secondary side of the
transformer.

ui
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The symmetrical components for the voltages are given by:

Vao

Val

Va2

1

1

1

1

a

a2

1

a2

a

Va

Vb

Vc

(2)

With equation (2) we can resolve the three unsymmetrical voltage

phasors into their symmetrical components. With the above initial

conditions substituted into equation (2), the component voltages are:

Vao

Val

Va2

1

1 1 1

1 a a2

1 a2 a

Va

Vb

Vb

(3)
3

Equation (3) can be written as three separate equations, as shown

below:

Vao =

Val =

Va2 =

1 (Va + Vb + Vb)

(Va + aVb + a2 Vb)

(Va + a 2 Vb + aVb)

(4)

(5)

(6)

3

1

3

1

3

Equations (5) and (6) show that

Val = Va2 (7)

Equation (4) shows that no zero sequence components can exist

if the sum of unbalanced phasors is zero. Since the sum of the line-

to-line voltage phasors in a three-phase system is zero, zero-

sequence components are never present in the line voltages, regard-

less of the amount of unbalance. Therefore, during a line-to-line
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fault, this system contains no zero sequence components and,

Vao = 0

The symmetrical components of the currents are:

Iao

Ial

Ia2

1
1

1

1

a

a 2

1

a
2

a

3

Ia

Ib

Ic

(8)

(9)

Substituting the initial condition, Ib = -lc, Ia = 0, into equation

(9), the symmetrical components for the currents then become:

Iao

Ial

Ia2

1

3

1 1 1

1 a

1 a2

a2

a

r.
-Ic

Ic

Writing equation (10) in three separate equations gives:

(10)

1Iao = (-Ic + Ic) (11)

Ial = 1 ( -alc + a2Ic) (12)
3'

Ia2 = 1 (-a 2Ic + alc) (13)
3

The above equations clearly show that:

Iao = 0 (14)

and Ia2 = -Ial (15)

Substituting the above equations, (7), (8), (14) and (15)

into equation (1), we have:
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Val =

Val

0 0 0 0

EA 0 Z1 0

0 0 0 Z2

0

Ial

-Ia l

(16)

8

Performing the matrix multiplication of equation (16), and substi-

tuting the results into the equality of equation (7), yields the following

single equation:

0 = EA -Ial Z1 -Ial Z2 (17)

Solving for Ial in equation (17) gives:

Ial EA
Z1 + Z2 (18)

With this kind of procedure, we will be able to determine all

the voltages and currents in the circuit due to the fault. From the

above equations we can determine the sequence network connections

that represent this fault on the system.

Since Zo does not enter into equation (18), the zero sequence

network is not used in the network representation. The positive and

negative sequence networks must be connected in parallel, as speci-

fied by equation (7); VA1 = VA2.

Connecting the positive and negative sequence networks in

parallel without the zero sequence network makes Ial = -Ia2 as

specified in equation (15). The connection of the sequence networks

for the line-to-line fault is shown in Figure 2.



Reference bus

Vatl

ZG1 ZTA1

sAAP-N.A.k.)
Ial

Val

Reference bus

Vat2 Vat

ZG2 ZTA.2/ 1

Ia2

Ial = Ia2

Figure 2. Connection of the sequence networks for a line-to-line fault between lines b and c.
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The sequence diagrams of Figure 2, indicate the composition

of the Thevenin's equivalent impedances for each network to be:

Z1 = ZG1 + ZTA1

Z2 = ZG2 + ZTA2

The sequence voltages equivalent to the transformer primary ter-

minals, as indicated in Figure 2, can be calculated as follows:

Vatl = EA - Ial ZG1

and Vat2 = Ia2 ZG2

or Vat2 = - Ial ZG2

To calculate the true currents and voltages on the primary side

of the transformer, the phase-shift of both currents and voltages

between the primary and secondary side of the wye-delta connected

transformer bank must be included. The phase-shift in a wye-delta

connected transformer bank is discussed in Appendix C.

The voltages to neutral on the primary side of the transformer

are:

VA1 = J (Vatl)

and VA2 = + J (Vat2)

Also, the line currents on the primary side of the transformer are:

IA1 = - J (Ial)

and IA2 = + J (Ia2)

The symmetrical components of the line-to-neutral voltages

on the primary side of the transformer can be expressed as follows:
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VA

VB

VC

1

1

1

1

a

a

1

a

a 2

VAo

VA1

VA2

(19)

Since VAo = 0, equation (19) can be written as:

VA = VA1 + VA2

VB = a 2 VA1 + a VA 2

VC = a VA1 + a2 VA2

The symmetrical components of the line currents are:

IA

IB

IC

1

1

1

1

a 2

a

1

a

a2

IAo

IA1

IA2

(20)

Since IAo = 0, equation (20) can be written as:

IA = IA1 + IA2

IB = a 2 IA1 + a IA2

IC = a IA1 + a 2 IA2

The power in each phase of the primary side of the transformer can

be calculated with the following equations:

PA = VA * IA * COS 8A

PB = VB IB * COS f3 B

PC = VC * IC * COS e C

Where B is the angle between the voltage and the current in each

phase. The total power for the three-phase system is:

=PTOTAL PA + PB + PC
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Comparison of Experimental and Computer Results

In the preceding pages a method was developed to determine

the values of voltage and current on the primary side of a wye-delta

connected three-phase transformer bank, with the fault between

lines b and c.

A FORTRAN program was written to perform the above

derived calculations for a secondary line-to-line fault.

The program listing and block diagram are shown in Appendix

D. The computed results are shown on page 65. The system, as

shown in Figure 12 of Appendix A, was connected in the laboratory

with a zero impedance connection between terminals b and c of the

transformer. A low-valued, three-phase voltage was applied from

a wye connected laboratory generator, as indicated in Figure 12.

Currents and voltages were then recorded from all parts of the cir-

cuit for various values of applied voltage. These data are shown in

Table 1, on page 56.

The transformer impedances ZTA1 and ZTA2, are determined

in Appendix B.

The generator impedances ZG1 and ZG2, are known from

previous test data. These values are:

ZG1 = 1.0 ohms and ZG2 = 0.3 ohms

The computer results on page65 show close agreement with the
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experimental values. A tabulated comparison for some of the values

is shown in Table 2 on page 57. The error obtained is within 2%

and can be attributed to reading laboratory data on the low end of the

instrument scales.

The phasor sum of the voltages and currents on the primary

side of the transformer are equal to zero.

A phasor diagram for the currents and voltages is shown in

Figure 3. The relationship between the primary and secondary cur-

rents, as shown in Figure 1, are indicated below:

Ibc = IA

Iac = IB

Iba = IC

The fault current,IF,is:

IF = Ibc Iac

The magnitude of the currents were determined to have the following

relationships: Ibc = 2 Iac = 2 Iba

Then,

IA = 2 Ib and IA = 2 IC

The fault current becomes:

IF = 3IB IF = 3IC IF = 1. 5 IA



IB

IA

14

IC

(a) Phasor dia ram of the currents

VB
VC

VA

(b) Phasor diagi am of the voltages

Figure 3. Phasor diagrams, a and b, for a line-to-line fault
between two phases.
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III. A LINE-TO-LINE FAULT ON THE CENTER-TAPPED
THREE-PHASE CIRCUIT

The circuit diagram for a line-to-line fault on the center-

tapped three-phase circuit, on the secondary side of a wye-delta

connected transformer bank, with the neutral point grounded, is

shown in Figure 4. The fault is indicated on lines bl and ci.

This type of fault is an unsymmetrical fault which causes un-

balanced currents to flow in the system.

The symmetrical components method is used herein, to deter-

mine the currents and voltages in all parts of the system after

occurrence of the fault.

The initial conditions for this kind of fault can be represented

by the following equations:

Vb' = Vc1

la = 0

Ibl = -Icl

The symmetrical components of the voltages are given in equation

(2). With the above initial conditions substituted into equation (2),

a solution will yield:

Val 1 = Va 2 (21)

With the same reasoning as applied to the first type of fault, the

line-to-line fault on the center-tapped three-phase circuit contains

no zero sequence components, therefore:



a

Figure 4. Circuit diagram for a line-to-line fault on the center-tapped three-phase circuit.



Vao' = 0 (22)

The symmetrical components for the currents are given in

equation (9). Substituting the initial conditions, IV = -lc/ and

Ian = 0, into equation (9) and solving, results in the following

equations:

Iao = 0 (23)

17

and Ia2/ = -Ial/ (24)

Substituting the above equations, (21), (22), (23) and (24), into

equation (1), and substituting the solution into the equality of

equation (21), yields the following single equation:

0 = EA - Ial/ * Z1 - Ial/ * Z2 (25)

Solving for Ial/ in equation (25) gives:

Ial/ EA
Z1 + Z2 (26)

From the above equations we can determine the sequence net-

work connections that represent this fault on the system.

Since Zo does not enter into equation (26), the zero sequence

network is not used in the network representation. The positive and

negative sequence networks must be connected in parallel to satisfy

equation (21), i. e. , Val/ = Va2/.

By connecting the positive sequence and negative sequence

networks in parallel without the zero sequence network makes Tall =

-Ia2/as specified in equation (24).
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The sequence diagram of Figure 5, indicates the composition

of the Thevenin's equivalent impedances for each network to be:

Z1 = ZG1 + ZTB1

Z2 = ZG2 + ZTB2

The sequence voltages equivalent to the transformer primary

terminals, as indicated in Figure 5, can be calculated as follows:

Van/ = EA - la)/ * ZG1

Vat2/ = Ia2/ ZG2

The line-to-neutral voltages, phase currents and power on the

primary side of the transformer, can be calculated as in the first

case.

Impedance Derivation

The equivalent impedance for the wye-delta bank with a line-to-

line fault on the center-tapped circuit can be determined as follows:

The transformer bank connection can be represented as shown

in Figure 6. A single-phase source is applied to one phase of the

primary side of the transformer bank with the other two phases open.

Figure 6 shows that the transformers for phases a, b and c

are represented by an impedance and an ideal transformer.

Assume that the transformer has Ni turns in the P winding

and N2 turns in the S winding. The voltages ep and es for the three

transformers connected as shown in Figure 6, represent the voltages



Reference bus

Vatl/ Val/

ZG1 ZTB1
AA/-0J,.)

7-111"-Ial

Reference bus

Vat2/ Vat/

ZG2 ZTB2

Ia2'

Ial = Ia2

Figure 5. Connection of the sequence networks for a line-to-line fault between lines band c/.



Figure 6. Schematic diagram used in the impedance derivation for he second type of fault.
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across the P and S windings of ideal transformers.

A single-phase source, EA, is applied to the primary ter-

minals of phase a, with a line-to-line fault at the center-tap (the

fault between lines b° and c').

The turns ratio between the P and S windings is 1:1. Assume

that Zpa = Zsa = Z

Zpb = Zsb

Zpc = Zsc

Since the S winding in phases b and c are each assumed to contain

half of the total per unit impedance of a single phase transformer

then:

Zpb = Zsb =

Zpc = Zsc =

1

2

1

2

u.

Z u.

The following relations can be written by using the above

assumptions:

For transformer b.

'N2 Ib = N1 Ia

NiIb = N2 Ia

esb = Ib Zsb

Ni Ni Ni 2
epb esb = ( ) Ib Zsb ( Ia Zsb

N2 N2 N2

Vb = epb + Ia Zpb



22

Ni
(-/c12)

2 Ia Zsb Ia Zpb

= Ia [Zpb + (NN1)2 Zsb

Vb N1
Ia

Zpb + (N2 ) 2 ZsbZpsb =

Since the turns ratio is 1:1;
1Zpsb = Zpb + Zsb = 1 Z+
2

where Zpsb is the equivalent impedance for transformer b.

Transformer c.

By following the same steps as for transformer b, we can

determine that:

Zpsc = Vc
Ia

,

N2
N1 ,2 LscZpc + ()

Since the turns ratio is 1:1;

1 Z =Zpsc = Zpc + Zsc = 1 Z +

where Zpsc is the equivalent impedance for transformer c.

Transformer a:

esa = Ia Zsa + Vb + Vc

epa = Ia Zpa

EA = IA Zpa + esa

Since Ia = Ib = IA then

EA = IA Zpa + IA (Zpb + Zsb) + IA (Zpc + Zsc)

EA = IA (Zpa + Zsa + Zpb + Zsb + Zpc + Zsc)
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EA = IA (Z + Z + Z + Z)

EA = IA (4Z)

4Z= IA
EA

Where 4Z is the total equivalent impedance for the circuit. This

impedance is equal to twice the impedance of a single-phase trans-

former.

Therefore, the equivalent impedance ZTB1 and ZTB2 for the

positive and negative sequence network representation for this type

of fault is equal to twice the impedance of a single phase transformer.

Impedance Calculation

The transformer impedance with a line-to-line fault at the

center-tap (the fault between kV and c1 ), can be determined from

laboratory short-circuit data.

The recorded short-circuit data are:

VAsc = 8.7 volts

IAsc = 16.5 Amps

PAsc = 94 Watts

From the above data, the transformer parameters can be deter-

mined.

Ze = 8. 7 = 0.528 ohms
16. 5



Re _ 94(16. 5)2 O. 346 ohms

Xe = I/Ze 2 Re2

From which

= 0.3994 ohms

24

Ze = O. 528 49. 15°

The value of the positive sequence impedance ZTB1 and the

negative sequence impedance ZTB2 are each equal to Ze.

From the above calculations, the impedance of the transformer

for this fault, is equal to twice the impedance of the single-phase

transformer, as used for the phase-to-phase fault.

Comparison of Experimental and
Computer Results

In the preceding pages a method was developed to determine

the values of voltage and current on the primary side of a wye-delta

connected three-phase transformer bank, with the fault between

lines bf and cf .

A FORTRAN program was written to perform the above cal-

culations for a secondary line-to-line fault at the center-tap.

The program listing and block diagrams are shown in Appen-

dix D. The computed results are shown on page 6 7 . The system,

as shown in Figure 12 of Appendix A, was connected in the labora-

tory with a zero impedance connection between terminals b" and c"
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of the transformer. A low-valued, three-phase voltage was applied

from a wye-connected laboratory generator, as indicated in Figure

12. Currents and voltages were then recorded from all parts of the

circuit for various values of applied voltage. These data are shown

in Table 3, on page 58.

The symmetrical component sequence network connection for

determining the currents and voltages associated with a system line-

to-line fault are valid for either a phase-to-phase or center-tap-to-

center-tap fault. The equivalent transformer impedance must be

increased by a factor of two in the latter sequence representation.

The computer results on page 67 show close agreement with

the experimental values. A tabulated comparison of some of the

values is shown in Table 4 on page 59. The error obtained is within

1. 5% and can be attributed to reading laboratory data on the low end

of the instrument scales.

The phasor sum of the voltages and currents on the primary

side of the transformer are equal to zero.

A phasor diagram of the currents and voltages is shown in

Figure 7. The relationship between the primary and secondary

currents, as shown in Figure 4, are indicated below:

Idbcb' = IA

The fault current, IF, is:

/IF = Icbcb + Icab



The current
. /Icab = 2Icbcb

26

IA = ZIB

IA = 2IC

The fault current magnitude in relationship to the primary currents

are:

IF = 3IA

IF = 61B

IF = 6IC
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IC

IB

IA

(a) Phasor diagram of the currents

VB VC

VA

(b) Phasor diagram of the voltages

Figure 7. Phasor diagrams, a and b, for a line-to-line
fault at the center-tap of a wye-delta connected

transformer bank,
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IV. A PHASE-TO-GROUND FAULT WITH THE OPPOSITE
CENTER -TAP GROUNDED

The circuit diagram for a phase-to-ground fault with the

opposite center-tap grounded, on the secondary side of a wye-delta

connected bank of single-phase transformers, with the neutral point

grounded, is shown in Figure 8. The fault is indicated on lines a and

a1 of the secondary side of the transformer.

This type of fault is an unsymmetrical fault, which causes un-

balanced currents to flow in the system. The symmetrical compon-

ents method is used herein to determine the currents and voltages in

all parts of the system after the occurrence of the fault. Thevenin's

theorem allows us to find the current in the fault by representing the

entire system as a single energy source and series impedance con-

nected to the transformer.

The following equations which describe the initial conditions

for this kind of fault are used to derive the circuit equations in terms

of symmetrical component parameters.

The initial conditions for this kind of fault can be represented

by the following equations:

Ib = 0

Ic = 0

Va= 0 (27)



IF

I1

Figure 8. Circuit diagram for a phase-to-ground fault with the opposite center-tap grounded.
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Substituting the above initial conditions into equation (9), the sym-

metrical components for the currents become:

Iao

Ial

Ia2

1

1 1 1

1 a a2

1 a2 a

Ia

0

0

(28)
3

Writing equation (28) in three separate equations gives:

Iao = (29)1 (Ia)
3

Ial 1
(30)(Ia)

Ia2 1
(31)(Ia)

The above equations clearly show that:

Ial = Ia2 = Iao (32)

Substituting the above equation (32) into equation (1), we have:

Vao 0 Zo 0 0 Ial

Val EA 0 Z1 0 Ial (33)

Va2 0 0 0 Z2 Ial

Performing the matrix multiplication of equation (33), and substi-

tuting the results into the equality of equation (27), yields the

following single equation:

Vao + Val + Va2 = -Ial Zo + EA- Ial Z1- Ial Z2

Since Va = Val + Va2 + Vao = 0

Then -Ial (Zo + Z1 + Z2) + EA = 0 (34)
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Solving for Ial in equation (34) gives:

Ial - EA
Z1 + Z2 + Zo (35)

Zero sequence current can exist only when the circuit is

arranged so that the phasor sum of the currents in the three phases

is not forced to be zero, The zero sequence current can exist in the

phases, on the delta side of a wye-delta connected transformer.

Since the zero sequence components of the three currents are equal

and in phase with each other, they will circulate around the delta,

but they do not flow in the lines connected to the delta. Also,

because the phasor sum of the three line-to-line voltages of a three-

phase system must always be zero, the existence of zero sequence

components in the line-to-line voltages is not possible. Thus, even

though zero sequence current can exist in the delta-connected sec-

ondaries of a transformer bank, they produce no zero sequence com-

ponents in the line-to-line voltages. Therefore, during the fault,

this system contains no zero sequence components.

The above equations (29), (30), (31) and (35) can be written

as: Iao = 0 (36)

Ial = Ia2 (37)

Ial EA
Z1 + Z2 (38)

With this kind of procedure, we will be able to determine all
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the voltages and currents in the circuit due to the fault. From the

above equations we can determine the sequence network connections

that represent this fault on the system.

Since Zo does not enter into equation (38), the zero sequence

network is not used in the network representation.

Connecting the positive sequence and negative sequence net-

works in series without the zero sequence network makes Ial = Ia2

as specified in equation (37). The connection of the sequence net-

works for a phase-to-ground fault with the opposite center-tap

grounded is shown in Figure 9.

The sequence diagrams of Figure 9 indicate the composition

of Thevenin's equivalent impedances for each network to be:

Z1 = ZG1 + ZTC1

Z2 = ZG2 + ZTC2

The sequence voltages equivalent to the transformer primary

terminals, as indicated in Figure 9, can be calculated as follows;

Vatl = EA - (Ial) (ZG1)

Vat2 = - (Ia2) (ZG2)

To calculate the true currents and voltages on the primary

side of the transformer, the phase-shift of both currents and vol-

tages between the primary and secondary side of the wye-delta con-

nected transformer must be included. The phase-shift in a wye-

delta connected transformer is discussed in Appendix C.



Reference bus

Vatl Val

ZG1 ZTC1

Ial

Reference bus

ZG2

Vat2 Vat

ZTC2

Ia2 = Ial

Ial
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Figure 9. Connection of the sequence networks for a phase-
to-ground fault with the opposite center-tap grounded.
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The line-to-neutral voltages, phase currents and power on

the primary side of the transformer, can be calculated as in the

first case.

Impedance Derivation

The equivalent impedance for a wye-delta transformer bank

with a phase-to-ground fault when the opposite center-tap is

grounded can be determined. The transformer bank connection can

be represented as shown in Figure 10, where the transformers in

phases b and a are represented by impedances and ideal transfor-

mers.

Assume that the transformers have N1 turns on the P winding

and N2 turns on the S winding. The voltages ep and es for the two-

transformer connection, as shown in Figure 10, represent the volt-

ages across the P and S windings of ideal transformers.

A single-phase source, EB, is applied to the primary terminals

of phase b, with a short circuit on the secondary side of transformer

a. The turns ratio between the P and S winding is 1:1.

Assume that Zpb = Zsb = Z

Since the P and S winding in phase a is half of the winding of a single

phase transformer, it is assumed that the leakage reactance is half of

the full winding.



1

T -b

Figure 10. Schematic diagram used in the impedance derivation for the third type
of fault.
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Zpa = Zsa = 1
Z

The following relations can be written by using the above assumptions?

Transformer a:

N2 Ia = N1 Ib

N1Ia =
N2

Ib

esa = Ia Zsa

epa Niesa = Ia Zsa = Ib Zsa

Va = epa + Ib Zpa

Ni 2
Va (N2) Ib Zsa + Ib Zpa

Ni
Va Ib (Zpa + () 2 Zsa)

N2
Va Ni ZZpsa Ib

=Zpa
\TI)

Zsa

since the turns ratio is 1:1, then

Zpsa = Zpa + Zsa = Z

where Zpsa is the equivalent impedance for transformer a.

Transformer b:

since

esb = Ib Zsb + Va

epa = Ib Zpb

EB = Ib Zpb + esb

Ia Ib = IB



then

EB = IB Zpb + IB Zsb + IB (Zpa + Zsa)

EB = IB (Zpb + Zsb + Zpa + Zsa)

EB = IB (Z + Z + Z)

EB = IB (3Z)

E3Z = = Zpsb
IB

B
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where Zpsb is the total equivalent impedance of the transformer

connection as shown in Figure 10.

Figure 10 illustrates two transformers connected in cascade,

one with a full primary and secondary winding and one with one-half

the windings.

Therefore, the equivalent impedance, ZTC1 and ZTC2, for

the positive and negative sequence network representation for this

type of fault is equal to 1.5 times the impedance of a single phase

transformer.

Comparison of Experimental and Computer Results

In the preceding pages, a method was developed to determine

the values of voltages and currents on the primary side of a wye-

delta connected three-phase transformer bank, with a phase-to-

ground fault when the opposite center-tap is grounded.

A FORTRAN program was written to perform the above de-

rived calculations for a phase-to-ground fault with the opposite
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center-tap grounded.

The program listing and block diagrams are shown in Appen-

dix D. The computed results are shown on page 69. The system,

as shown in Figure 12 of Appendix A, was connected in the laboratory,

with line a faulted to-ground, and with the opposite center-tap, a./,

also grounded. A low-valued, three-phase voltage was applied from

a wye connected laboratory generator as indicated in Figure 12.

Currents and voltages were then recorded from all parts of the

circuit for various values of applied voltage. These data are shown

in Table 5, on page 60.

The symmetrical component sequence network connection for

determining the currents and voltages associated with a phase-to-

ground fault with the opposite center-tap grounded, must be con-

nected in series. The equivalent transformer impedance must be

increased by a factor of 1.5.

The computer results on page 69 show close agreement with

the experimental values. A tabulated comparison for some of the

values is shown in Table 6 on page 61 . The error obtained is

within 1. 7% and can be attributed to reading laboratory data on the

low end of the instrument scales.

It was determined from the laboratory data and the computer

results, that the current IA is equal to zero. The currents IB and

IC are equal and 180° out of phase.
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(a) Phasor diagr

VB

m of the current

VC

VA

(b) Phasor diagram of the voltage

Figure 11. Phasor diagrams, a and b, for a phase-to-ground
fault with the opposite center-tap grounded.



The phasor sum of the voltages and currents on the primary

side of the transformer are equal to zero.

A phasor diagram for the currents and voltages is shown in

Figure 11. The relationship between the primary and secondary

currents, as shown in Figure 8, are indicated below:

Idca = Idba

lab = - lac

Iba = Ica

IA = Idb + (- ) = 0

IB = Ica

IC = Iba

then IB = IC

The fault current becomes:

IF = Iaca + Iaba

IF = 2 1B

IF = 2 IC

40
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CONCLUSIONS

In this thesis an investigation has been made to determine the

equivalent impedance representation for the calculation of faults in

the secondary circuit of wye-to-delta connected transformers.

Secondary line-to-line fault calculations and their current

representation have been adequately covered by other authors. This

representation was verified.

Industrial systems often use a three-phase system whose sup-

ply is the center-tap positions on the delta connected secondary. The

symmetrical component representation for a line-to-line fault on this

system was derived and tested. The impedance representation in the

positive and negative sequence networks for this transformer con-

nection was found to be twice the value used for the phase-to-phase

fault on the secondary of the standard wye-to-delta transformer

bank.

The impedance representation in the positive and negative

sequence networks for a fault connection from a phase conductor to

ground when the opposite center-tap is grounded was derived and

tested. This equivalent impedance value was determined to be 1.5

times the leakage impedance value of one of the transformers in the

wye-to-delta bank.

The derived impedance values were verified by laboratory .
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testing. A wye-to-delta connected transformer bank was subjected

to the three fault conditions. The measured currents and voltages

agreed with the calculated values with an error of 2% or less.

The calculated values of voltage and current during the fault

were obtained with a FORTRAN program specifically written for the

three types of faults.
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APPENDIX A

DESCRIPTION OF THE LABORATORY CIRCUIT

The circuit consists of three identical single-phase transfor-

mers connected to a three-phase alternating current generator.

The transformers are connected in a wye-delta configuration

to perform as a three-phase transformer bank, with the common

point on the primary side grounded. The generator was wye con-

nected with the neutral grounded.

Each one of the three single-phase transformers has the

following name-plate data except for the serial number:

Westinghouse Type E Transformer

Single phase Group 3 insulation

Serial No. 56D28535 Style 1629440-A

Voltage 240x480 to 120/240 60 cycle 5 KVA

Continuous 150oC Tem rise. 1.8 Impedance at 35°C

Name-plate data for the AC generator:

G. E. AC Generator 3 phase

No. 307555 1200 RPM

220/110 Volts 99/171 AMPS 30 KW AT 0.8 P.F.

37.5 KVA CONT. AT 50°C
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The experiment was conducted at Oregon State University in the

power system laboratory of Dearborn Hall and connected as shown

in Figure 12.

A low voltage was applied from the three-phase ac generator

to the primary side of the three-phase connected transformers.

Different kinds of faults were connected on the secondary

terminals of the unloaded transformer and the fault data were

recorded.



Figure 12. A three-phase power system of a wye-delta transformer and an ac generator.
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APPENDIX B

IMPEDANCE DERIVATION FOR WYE-DELTA BANK
WITH A LINE-TO-LINE FAULT

Figure 13 shows a single-phase transformer represented by an

impedance and an ideal transformer.

Assume that the transformer has N1 turns in the P (primary

winding) and N2 turns in the S (secondary winding). The voltages ep

and es as shown in Figure 13 represent the voltages across the P

and S windings of the ideal transformer.

Assume an ac voltage is applied to the P winding, with the S

winding solidly short circuited.

The following relation can be written:

N2 Ia = N1 IA

N1Ia (
N2

) IA

es = Ia Zs
Ni Ni N1

ep = N2 es Ia Zs ( )
N2

IA Zs

NiEA = ep + IA Zp = (N2 ) 2 IA Zs + IA Zp

[ N1 ]EA = IA Zp + (
N2

)
2 Zs

E N1
Zps = A

IA Zp (-21V)
2 Zs

Where Zps is defined as the impedance between the primary

and secondary circuits in ohms on the primary voltage base.



Ia
IA

Figure 13. Circuit diagram for a short-circuit test on a single-phase transformer
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Then Zps is the impedance between the P and S winding as

measured by applying voltage to the P winding with the S winding

short circuited.

Impedance Calculation

To determine the impedance of the transformer, short-circuit

test data were taken, and are as follows:

Vsc

Isc

Psc

5.5 volts

20.8 Amps

75 Watts

The turns ratio between the primary and the secondary windings of

the transformer is 1:1.

From the above

parameters can be determined:

Ze -

Re

Xe =

short circuit test data,

Vsc 5.5

the transformer

= 0.264 ohms

= 0.1733 ohms

ohms

Isc

Psc

20.8

75

(Isc)2 432.64

V Ze2 Re 2 = 0.1997

Zps = Ze = 0.264 /49.15°

The positive sequence impedance, ZTA1, and the negative sequence

impedance, ZTA2, are used in the symmetrical component repre-

sentation. They are equal to each other and have the value of Ze.
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APPENDIX C

PHASE SHIFT IN WYE-DELTA CONNECTED TRANSFORMER

In this type of transformer connection, there is a phase shift,

under balanced conditions, between the voltages on the primary side

and the corresponding voltages on the secondary side of a wye-delta

connected transformer. The line currents exhibit the same kind of

phase shift between the two sides of the transformer.

Then, for unbalanced conditions when symmetrical compon-

ents are used, a phase shift in the positive and negative sequence

components of voltage and current can be expected, between the

primary and secondary terminals of a wye-delta connected trans-

former bank.

The standard notation for the high tension terminals of a three-

phase transformer is marked H1, H2 and H3, and the low tension

terminals are to be marked as Xl, X2 and X3.

The wiring diagram for a wye-delta connected transformer is

shown in Figure 14. The windings that are drawn in parallel direc-

tions are linked magnetically by being wound on the same core.

The American standard for wye-delta transformers states that the

voltage from H1 to neutral must lead the voltage X1 to neutral by

30 degrees, regardless of whether the wye or the delta winding is



A
Ib

Figure 14. Circuit diagram for a three-phase wye-delta connected transformer bank.
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the high tension side. Also, the voltage at H2 leads the voltage at

X2 by 30 degrees, and the voltage at H3 leads the voltage at X3 by

30 degrees. The phasor diagram for the positive sequence and

negative sequence components of the voltages are shown in Figure 15,

where VA1 leads Vbl by 30 degrees. Inspection of the phasor dia-

gram in Figure 15, shows that Val leads VA1 by 90 degrees, and

Va2 lags VA2 by 90 degrees. The phasor diagram for the current

relations between the wye and delta are shown in Figure 16. Trans-

former theory for the current relationships show that IA and Ibc are

180 degrees out of phase if VA and Vbc are in phase. Also note that

Ial leads IA1 by 90 degrees, and Ia2 lags IA2 by 90 degrees.

Then, the relationships between the symmetrical components of the

line-to-neutral voltages between the primary and secondary ter-

minals of the wye-delta transformer are:

Val = +JVA1

Va2 = -JVA2

And the symmetrical components of the line currents for the wye-

delta transformer are:

Ial = +JIA1

Ia2 = -JIA2



Al

A2

B1

VBC 1

C1

bl Vbcl

Positive sequence

C2

VBC2

b2

B2
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ci

Negative sequence

Figure 15. Voltage phasor diagram for a wye-delta three-phase
transformer bank.
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positive sequence
components

IB2

IA2
vb.

/IC 2

negative sequence
components

Figure 16. Current phasors of a three-phase wye-delta
connected transformer bank.



Table 1. Laboratory Data for a Line-to-Line Fault Between Two Phases
Input
voltage Primary side Secondary Side IN

AV
VA
V

IA
A

PA
W

VB
V

IB
A

PBWVVC IC
A

PC
W

Ibc
A

Iba
A

lac
A

IF
A

4 1.2 4.5 4 1.9 2.25 .4 2.3 2.25 5 4.5 2.2 2.2 6.7 0.0

6 1.75 6.8 9 2.9 3.4 9 3.7 3.4 12 6.8 3.4 3.4 10.2 0.0

8 2.5 9.2 15 4.1 4.6 15 4.9 4.7 20 9.2 4.7 4.7 13.9 0.0

10 3 11.4 22 4.9 5.7 22 6 5.7 35 11.4 5.7 5.7 17.1 0.0

12 3.5 14 35 6.0 7.0 35 7.4 7 50 14 7.0 7.0 21 0.0

14 4.2 16.1 45 6.8 8.0 45 8.5 8 65 16.1 8 8 24.1 0.0

16 4.8 18.3 60 8.0 9. 2 60 9.8 9.2 90 18.3 9.2 9. 2 27.5 0.0

18 5.4 20.8 75 9. 0 10.4 75 10.9 10.4 100 20.8 10.4 10.4 31.2 0.0



Table 2. Comparison of Laboratory Data and Computer Results for a Line-to-Line Fault Between
Two Phases

Input
voltage

V

Laborat ry Data
VA
V

IA
A

PA
W

VB
V

IB
A

PB
W

VC
V

IC
A

PC
W

6 1.75 6.8 9 2.9 3.4 9 3.7 3.4 12

10 3 11.4 22 4.9 5.7 22 6 5.7 35

14 4.2 16.1 45 6.8 8.0 45 8.5 8 65

18 5.4 20.8 75 9. 0 10.4 75 10.9 10.4 100

Computer Results

6 1.83 6.92 8.3 2.95 3.46 8.28 3.61 3.46 12.43

10 3. 05 11.53 23.04 4.92 5. 77 23.01 6.02 5. 77 34.53

14 4. 27 16. 14 45. 17 6.89 8.07 45.10 8.42 8. 07 67.68

18 5.49 20. 76 74.66 8.86 10.38 74.55 10.83 10. 38 111.89



Table 3. Laboratory Data for a Line-to-Line Fault on the Center-Tapped Three-Phase Circuit

Input
voltage

V

Primary side Secondary side
IN

A

1VA :
V i

I

IA
A

PA
W

VB
V

IB
A

PB
W

VC
V

IC
A

PC
W

Iciacbi
A

Ic/
A

IF
A

4 2 3.5 4 2.4 1.8 3 2.9 1.8 5 3.5 7 10.5 0.0

6 2.8 5.4 10 3.5 2.7 6 4.3 2.8 12 5.4 10.8 16.2 0.0

8 3.9 7.2 18 4.9 3.6 12 5.8 3.7 20 7.2 14.4 21.6 0.0

10 4.9 9 30 6 4.5 17 7.2 4.5 31 9 18 27 0.0

12 5.8 10.8 40 7.2 5.5 25 8.6 5.5 45 10.8 21.6 32.4 0.0

14 6.8 12.6 55 8.4 6.4 35 10 6.4 62 12.6 23.2 35.8 0.0

16 7.8 14.5 72 9.6 7.3 45 11.5 7.3 80 14.5 29 43.5 0.0

18 8.7 16.5 94 10.8 8.2 57 12.9 8.2 102 16.4 32.8 49.2 0.0



Table 4. Comparison of Laboratory Data and Computer Results for a Line-to-Line Fault on the
Center-Tapped Three-Phase Circuit

Input
voltage

V

Laboratory Data
VA
V

IA
A

PA
W

VB
V

IB
A

PB
W

VC
V

IC
A

PC
W

6 2.8 5.4 10 3.5 2.7 6 4.3 2.8 12

10 4.9 9 30 6 4.5 17 7.2 4.5 31

14 6.8 12.6 55 8.4 6.4 35 10 6.4 62

18 8.7 16.5 94 10.8 8.2 57 12.9 8.2 102

Computer Results
6 2.87 5.43 10.22 3.59 2.71 6.37 4.26 2.71 11.48

10 4.79 9.05 28.38 5.98 4.52 17.70 7.11 4.52 31.89

14 6.70 12.67 55.62 8.37 6.33 34.69 9.95 6.33 62.50

18 8.61 , 16.29 91.94 10.76 8.14 57.35 12.79 8.14 103.32



Table 5. Laboratory Data for a Phase-to-Ground FaultWith the Opposite Center Tap Grounded

Input
voltage

V

Primary side
Secondary

side IN

A
VA

V
IA

A
PA
W

VB
V

IB
A

PB
W

VC
V

IC
A

PC
W

Ia/ca
A

Idba
A

IF
A

4 2.6 0.0 0.0 2.2 3.5 7 1.6 3.5 1 3.5 3.5 7 0.0

6 4 0.0 0.0 3.3 5.3 16 2.4 5.3 2.2 5.3 5.3 10.6 0.0

8 5.3 0.0 0.0 4.4 7 30 3.2 7 4 7 7 14 0,0

10 6.6 0.0 0.0 5.5 8.8 45 4.0 8.8 6.5 8.8 8.8 17.6 0.0

12 8 0.0 0.0 6.6 10.6 66 4.8 10.6 10 10.6 10.6 22.2 0.0

14 9.3 0.0 0.0 7.7 12.4 90 5.6 12.4 13 12.4 12.4 , 24.8 0.0

16 10.6 0.0 0.0 8.8 14 120 6.4 14 17 14 14 28 0.0

18 12 0.0 0.0 9.9 15.9 150 7.2 15.9 21 15.9 15.9 31.8 0.0



Table 6. Comparison of Laboratory Data and Computer Results for a Phase-to-Ground Fault
With the Opposite Center-Tap Grounded

Input
voltage Laboratory Data

V
VA
V

IA
A

PA
W

VB
V

IB
A

PB
W

VC
V

IC
A

PW
W

6 4 0.0 0.0 3.3 5.3 16 2.4 5.3 2.2

10 6.6 0.0 0.0 5.5 8.8 45 4.0 8.8 6.5

14 9.3 0.0 0.0 7.7 12.4 90 5.6 12.4 13

18 12 0.0 0.0 9. 9 15.9 150 7.2 15. 9 21

Computer Results

6 3.98 0.0 0.0 3.79 5.28 16.88 2.42 5.28 2.4

10 6. 64 0. 0 O. 0 5.49 8.8 46.90 4.03 8.8 6. 67

14 9. 29 0. 0 0.0 7.69 12.32 91.92 5.64 12.32 13.08

18 11.95 0.0 0.0 9.88 15.83 151.95 7.25 15.83 21.62
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BLOCK DIAGRAM FOR THE FAULT CALCULATIONS

[ Program title

Declare the complex variables

Read the positive and negative impedance as real and
imaginary for the generator and transformer

Print the fault title

Print the outputs title

Initialize the input voltage
T

Calculate the current for each phase

Calculate the voltage for each phase

Calculate the power for each phase
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Print the calculated currents, voltages and power

Increment the input voltage by one and repeat the above
calculations
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VAILrrA-(CA1L*ZG1)
VA'L=CA1L'2S?
VAtH=Arr.7*VAIL
VA?H=A;T,1*VAPL
VA0=VA1H4-V17H
kilfir.AA'VAtH
V12H=A*VA24
V3L4=V1.1H+V12H
VC1H=A*VA1H
VC9-1=AA*VA9H
VC4=VC1H+VC2H
vA4N=XNr10Y(VAIO
V:4,41,1=XN00m(V.1H)
VCI-W=YNflRviVrql
ANVAH=DAn(VAH)*(f190.0°7.0)/22.0)
ANV,,,H=An(V1H)*((19C.07.0)/22.0)
ANVOH=AnIV^H)*((190.0*7.01/22.01

CALCULATIONS
n'irANVAH-Ak!CA1-1
AT7v=v1v1H-4!.T,3H
a4,',vC=.vicr:H-akIvr1-4
p3=v1,N,fiAt,,^04 (tP!CVA*?2.0)/(19'!.0-7.0))
r-'1V1i1"!4C1H1*fl,9((ANCV3*22.0)/(1,"1.0s7.0))
R',=VCI4N*CCHN'rOS((ANCVC*2?.0)/f1E10.0*7.1))
PTCTA1=PAforli-0C
V.ZITF(51,4,1)V INPUT,CAHN,4NCAII.CM4N,PNC1H,U;HN,ANCCH.VA4N,ANVAH019
1,'N.ANVM,VCHN,ANVCH,P4,PA,PC,RTOTAL

41
trb.P.2\.Fc,.:',2X.F6.2.2Y,F6.2,2Y,F6.2.2X,F6.2,2X,Fc).2,?Y,F5.2.2X9F--
?.?x,FF,.7.1)
roATINUF
EN1

FORTRAN Program for a Line-to-Line Fault Between Two Phases
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i:i0GPA4 FAULT
TYPE COMPLflet4)A,AA,7C,1,7C,2,1T1,772.ARG1,ARr,?.71.Z2.2TOTAL,EA

1 .CA1L.CA2L.CA1H.C47H,CAH.C91H,C82H.COH.CC1H,fTC2H,CCH,VAll.VA?L,
2VA114,VA7P.VAH.VB1H,V17H,V0H,VC1H,VC2H.VCU.COM,Comp
PcAO(P0,10)7G1R.ZG1I.ZG2R,ZG2I.7T1R,ZT1I.ZT2R,7T2I

10 FORmAT(8F11.5)
A.COmP(-0.5,0.865)
AA=CO4P(-0.5.-0.166)
751=COriP(7G1R,7G1I1
702=COmP(ZG7Rac,2I)
7T1=COMP(7T1P,7T1T)
7T2=CO4P(7T2R,ZT2Il
ARG1=COM(1.0)
ARG2=COM(-1.1)
71=ZG1r7T1
72=ZG24.7T2
ZTOTAL=Z14-72
WTTF(21)

20 FORmAT(5,11,Y,tA LINE-TO-LINE FAULT ON THE CENTER - TAPPED THREE-PHASE
1rICUITt/l
WRITF(61,30)

30 FCRHAT(1X,tV TNPUTt,2Y,tCAHlt,4X.fANCAHt,4Y,C3HNzo4Y,tANCOH1,3y,t.
tCCHNt,4Y,ANCCH7,7X,tVAHNt,4X./ANVAHZ,3X,tV814.!t,4x,tAt,WEIHt,3X,tVCH
2Nt.4Y,tAw/CH/,4X.,P4t,6X,tPBX,6X,iPCt,4x,tPTOTALt/)

C CURRENT CALCULATIONS
EAR=0.1
01 50 T=1,20,1
EAR=FAR,1.1
EA=COMP(EAR.0.0)
V INPUT=RE(EA
CAlL=EA/ZTOTAL
CA2L=-CAIL
CA1H=ARG2*CA1l
CA?H=ARC1#CA2L
CAH=CA1HFCA2H
C914=AA*CAtli
c97.14=A*CA2H
CT-I=G1H+CB2H
CCI.H=A*CA11-4
CC?H=A4*CA2H
CCH.CClufCC?14
CAHN=YNORM(CAH)
CoHN=YNnDM(C1,1)
CC,IN=XNOPm(CCH)
AN,7,Aw.Al(CAM)*((C.1'7.11/22.1)
ANC8H=210(C9q)*((150.C.7.0)/22.0)
ANCCH=Rar(CCH)*((180.CY-2.0)/22.0)

C VOLTAGE CALCULATIONS
VA1L=EA-(CA1L*ZG1)
VA2L=CA1L*ZG?
VA1H=ARG2*VAlL
VA2H=ARG1*VA2L------------
VA1-1=vAIHfVA2O
VO1P=AA*VA14
VB2H=A*VA2H
Vilw=VB1H+V521-4
VC1H=A*VA114
VC2H=AA*VA2H
VcH=VC1H+VC24
vAuN=XNORM(VAH)
V9HN=YNOR,"(V9H)
vCHN=x610Pm(VCH)
ANVAH."An(VAH),A(11C.0*7.01/22.0)
AH/9H=Rao(v,!H)4((110.0*7.1)/22.0)
vivra1(VcH)*((180..0'7.01/22.0)

C POWER CALCULATIONS
ANCVA.NVAH-tmCAH
ANcy9.ANv2H-ANC14
ANCvc=ANCOH-ANT7H
PA=VAHN*CAHN'COSS(AtqCVA*22.0)/(1).0'7.0))
P3=VPHN'CPHN*COS((aNCv9 *?:'.0)/(1,10.0*7.0))
pc=vcqw,CCHN*COSl(ANCVC*22.3)/(180.0'7.1))
PToTAL=P64-0,34-PC
w,ITr(61,4(1)v Ti'M(l T,C4HNTAN',AH.CRHN,ANCBH,CONN,ANCCH,VAHN.At:VAH,VP
IHN,Ano1H,vr'uN,ANVCH,PA,PA.PC,PTOTAL

40 FORriATI3X,F4.1,2X,F6.2,3X,F5.2.2Y.F6.2,2X.c6.2,2X,F6.2,?Y,F(:.2,2x,..
IF6.2.2X.F6.2.2X.F6.2,2X,r6.2,2X1P6.2,2X.2.2Y,Ff).?,?Y,F6.2.2X,F
2F.7.2X,F6.2/)

50 CONTINUE
END

FORTRAN Program for a Line-to-Line Fault on the Center-
Tapped Three-Phase Circuit



V IN0TT CA41 4N7,AH C3HN 44C9H

A LINE-TO-LINE

CC4N ANCCH VAHN

FAULT Of1

ANV1M

THE CENTE;-TAPPEn TuRE7---7445F CIR7UTT

VEIHN ANUCH vOHN ANVCH P4 Pl nc PT3TAL

1.0 .30 115.20 .45 18.27 .45 15.27 .45 247.73 .AC 149.08 .71 10.97 .? -m.15 .27 . -.3

2.0 1.51 19..20 .90 15.27 .90 15.27 .06 247.23 1.20 149.05 1.42 10.92 1.14 -3.21 1.21 1.77

3.0 2.71 195.20 1.36 15.27 1.36 11.27 1.44 247.23 1.79 141.'8 2.11 10.92 2.5" -1.50 7.07 3.33

4.0 3.E2 191.21 1.51 15.27 1.81 15.27 1.91 247.23 2.39 140.7 R 2.14 12.02 4.54 -2.02 5.10 6.31

5.0 4.52 191.20 2.26 15.27----2.25 -15.27--- 2.39 247.23----2.90 149.-05--- 3.5---11.9.7----7.',0- -4.47- 7.`"'7--- 1:.6:.
6.0 c.43 115.20 2.71 13.27 2.71 18.77 2.87 247.23 3.59 143.05 4.25 13.92 1m.22 -6.37 11.41 15.32

7.3 6.33 195.20 3.17 15.27 3.17 18.27 3.35 247.23 4.19 141.08 4.97 10.02 11.91 -5.1' 1...63 27.56

8.0 7.24 195.20 3.62 15.27 3.62 10.27 3.53 247.73 4.78 149.08 5.69 10.92 15.10 -11.37 24.-1 27.24

9.0 S.14 195.20 4.07 11.27 4.07 18.77 4.31 247.23 5.19 149.05-- 6.48- 13.92 27.01-14.14-- 25.83 34.4*

11.5 0.0c 190.20 4.52 15.27 4.52 iP.?7 4.79 247.23 5.99 143.08 7.11 10.92 29.35 -17.77 31.19 -2.57

11.5 9.95 195.20 4.95 10.27 4.98 11.27 5.26 247.73 6.58 149.78 7.17 10.92 34.34 -21.4:' 31..; 51.51

12.0 1'.45 195.20 5.43 18.27 5.43 19.77 5.74 747.73 7.18 141.78 8.53 10.92 47.88 -75.49 4..97 61.32

13.0 11.75 199 .20 5.55 --IR.?? -5.5F 11.1.7- 5.22-747.21----7.77-141.0*--- 9.74---11.-97---47.*c--^9.91---c3.59-- '1.14

14.0 12.67 195.20 6.33 15.27 6.33 15.27 5.70 247.23 3.37 143.78 9.95 11.02 55.52 -34.60 62.50 53.43

15.0 13.57 115.21 5.79 19.27 6.79 15.27 7.15 247.22 5.97 149.85 13.66 13.02 61.55 -30.53 71.7" 95.75

15.0 14.45 195.20 7.74 15.27 7.24 11.27 7.66 247.73 9.57 141.08 11.37 13.92 "2.5. -45.11 RI... 131.47

17.0 15.35 19,1.20 7.59-- 15.27-- 7.69- 11.77 5.11- 747.27- -73.17 149.08-- 12.79-- 10.92-- 53.S1 -:1.7, 17 . I, 173.33

15.0 15.29 199.20 5.14 15.27 5.14 15.77 9.61 247.23 10.76 140.05 12.79 11.9? 11.04 -57.3, 133.32 137.92

19.0 17.19 195.20 5.60 15.27 5.60 15.27 9.09 247.23 11.36 149.05 13.51 11.02 1m2.44 -53.0.1 113.12 153.67

23.0 15.10 195.20 9.05 18.27 9.05 15.27 9.57 247.23 11.96 149.05 14.21 10.02 113.51 -70.51 127.56 170.27

Computer Results of a Line-to-Line Fault on the Center-Tapped Three-
Phase Circuit
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PROGRAM FAULT
TYPE COHPLEY(4)A,AA,701,7C,2,7T1.272.1,ARG2.21,72,7TOTAL,EA

1 ,CAlL.CA?L,CA1H,CA2H,CAH,rB1H,C92H,C6H,CC1H,CC2H,CEH,Vr.1LIVA2L,
2VA1H.VA?P.VAH,VB1H,V9PH,V3H,VC1H.VC2H,VCH.r0H,COMp
REAO(c..0.1C)7GIR,ZG1I,ZG2R.ZG2T,7T1R,ZT1T,7T2R,ZT2I

10 FORHAT(8F10.r,)
A=C0"1P(-0.11.8611)
AA=COHP(-C.5,-0.866)
7G1=COMP(7G1R,7G1I)
7G2=CCM017G2R,7G2I)
7T1=C^Mo(7T1R,ZT1I)
7T?=COHF(ZT2R,ZT2I)
APG1=CIN(1.0)
ARG?=COM(-1.0)
Z1=ZO1+7T1
Z2=7G?+7T2
ZTOTAL=71472
WRITR(51.21)

20 FO'AT(50X,tA PHASE-TO-GROUND FAULT WITH THE OPPOSITE CENTER-TAP G
1R01w0f7-01"/)
wojT;-(c,1,30)

31 FoRmATt1Y,tV INPUTt,2X,tCAH4t,4Y,tANCAut,4X,7C81-4Ht,4Y,tANG8Ht,3x,t
1CCHNz,4Y,tAICCHt0X,tVAHNZ,4Y.tANVAHt,3X,/VPHW.4XIAANVOH$OXI*VCH
?":t,4X,tv^,Ht,4X.tpAt,6X,tP9f,6Y,tPCf.4X,tPTOTALt/I
CURRENT CALCULATIONS
FAR=0.0
90 FO T=1,20.1
EAP.EAR41.1
vA=COH(FA0.0.0)
V INDIIT=pc(F;A)
C41L.EA/ZTOTAL
CA7L.CA1L
CA1HARG?",A1L
CA2H.ARG1VCA2L
CAH=CA1HI-CA2H
c81 v.AA*CA1H
(79?H,A*rA2H
C9H=C9114.4C8214
CC1H-44,CA1H
CyH=AA*CA2H
CCH=CC1H+CC2HCAHN.ywIRM(CAH)
CAIHN=Y1CRM(C6H)
CCHN=YHOQM(CCH)
A(J-,AH=PAOICAH)*((180.1*7.0)/22.0)
ANIflaHA0(rm)*((190.0*7.1)/22.0)
AyccH=PA?(CCH)*((130.1*7.0)/22.0)

C VOLTAG7 CALCULATIONS
VAIL.EA-(CAlL*7G1)
VA2L=-(CA:7L*7.G21
VAIH=ARr,24V11L
VA''H=4RG1*VA2L
VAH=VA1HIVA2H
VO1H=AA*VA1H
01?1-1.4*VA?H
V1H=V51H4-V32H
VC1H=A*VA1H
ki?HrAAVVA2H
vct4=VCIH4-V(72H
VAYN=Y1001((VAH)
VBP,1=YNORM(v8H)
VCHN.-.)(HOPm(VCH)
4Nv5H=RPI(VAH)*((180.0*7.0)127..n)
AN,,C1H.RAn(V3H1 *((130.0*7.0)/2?.0)
ANyCH=RAO(VCH)*((16C.147.0)/22.0)

C pn!4F.k
AN'vA=ANVAH-ANC,AH
ANc.Vq,,ANVPH-ANCSH
Al,:nyc=Arr,u-Ai,JVCH
0AmvAHAHN*COS((ANCVA*22.0)/(150.017.))
pfl=vnHCgHN*CS((PM.V11"?2.0)/(180.C*7.1))
PC=7VCHN*CCW,1*CoS((ANCVC*2:7.0)/(180.(' *7.0))
PTPTAL=PAfR8+°C
NRTT7(61,40)V I'IPUT,CAHN,ANCAH.CN.ANCOH,CCHN,ANCCH,VAH4,ANVAH,V1

1HN.ANV3H.VCHN,A'IVCH,pt,P,I,Pr,PTOTAL
41

2P.',2X,F6.2/)
50 CONTINUE

ENO

FORTRAN Program for a Phase-to-Ground Fault with the Opposite
Center-Tap Grounded



V IN'JT CA-49 loWAH r1H9 to:c1H CC41

A P6AF5-Tu-SPouN3 FAULT

A14:T,, VANN ANVH
WITH THF

V9HN

OP905ITF c:5y1.!s-Tap ,;21tp17-i

AM/59 VC0N ,1.AVC,, .:, P2 DI.

1.0 C C .11 1"5.27 .SP 2,5,10 .65 261.75 .55 119.11 .4" 21.1., , .47 -7. .4:

2.0 C C 1.76 105.77 1.71 255.19 1.73 261.76 1.11 119.11 .31 26.11 1.44 1.61

3.3 C 0 2.64 105.27 2.54 245.11 1.90 251.75 1.65 119.11 1.21 25.16 4.7" 3.6?

4.0 C 0 3.52 105.27 3.5? 2°5.19 2.35 261.7E 2.20 119.11 1.11 25.11 7.5: -1.77 5.-4

5.6 C 4.4n 105.27 ---4.4C 215.19 1.17 261.75 7.75 119.1: -?.17/- .n.1r- 1 11.7' -I..- I-0.75_

6.0 C 0 5.2' 105.27 5.24 235.19 3.91 251.76 3.29 119.11 2.42 75.16 3 13.44 -2.4" 14.'4

7.0 C C 6.15 105.27 6.16 245.11 4.65 261.71 3.44 119.11 2.42 25.1° C ?2.94 -7.27 19.71

1.1 1 0 7..74 105.77 7.04 245.19 5.31 241.76 4.39 119.11 3.2? 76.11 r 30.:7 -4.77 25.7.

9.0 C C 7.17 135.!,7 7.02 115.19 5.97 261.75 4.94 019.11 3.57 -26.15 0 37.9, -9.41 77.5!

11.0 C C 4.93 105.27 13.40 215.19 6.34 261.76 5.49 119.11 4.03 21.11 C 4,-;., -5.37 43.23

11.5 C C 1.64 105.27 9.64 245.19 7.30 261.76 6.C4 119.11 4.43 26.16 n 56.72 -4.'7 ..3.57

17.0 6 0 11.55 105.27 10.56 235.19 7.06 251.76 6.59 119.1: 4.°3 25.16 67.5,3 -).11 57.9

13.0 0- 11.44 115.27 11.44 745.19 -4.63 261.76 7.14 119.11 5.21 25.1. 1 71.76 -11.20 C.

14.0 C 1 12.37 105.27 12.32 245.19 9.29 261.76 7.69 119.11 5.64 26.16 P 11.,12 -14.:4 75.3,

15.0 C C 13.73 105.27 13.2^ 235.19 9.06 261.71 4.24 119.11 6.04 25.36 1:5.5' -15.:1 j0.=1

11.1 C C 14.^4 105.27 14.04 245.10 13.32 261.76 4.70 119.11 6.44 21.16 : 172.7,, -17.73 1:?..".5

17.0 0 C 14.95 105.27 14.95 245.19 -11.25 261.76 9.37 119.11 6.45 20.16-- 135.'4 -19.29 114.21

13.1 0 C 15.43 105.27 15.43 245.10 11.05 261.76 9.45 119.11 7.?' 26.16 9 101.9= -21.52 130.33

19.0 C 0 16.71 105.27 16.71 215.19 12.F1 261.76 10.43 119.11 7.15 ?5.155 C 139.31 -?..,7c. 1,5.21

20.1 e 1 17.50 105.27 17.51 245.19 13.27 261.71 10.93 119.11 4.05 26.11 C 147.61 -26.69 163.37

Computer Results of a Phase-to-Ground Fault with the Opposite Center-Tap Grounded
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LIST OF NOMENCLATURE

Variable Des cri.ption

IA Current in phase A in amperes

IB Current in phase B in amperes

IC Current in phase C in amperes

IF Fault current in amperes

IN Neutral current in amperes

VA Line to neutral voltage in phase A in volts

VB Line to neutral voltage in phase B in volts

VC Line to neutral voltage in phase C in volts

PA Power in phase A in watts

PB Power in phase B in watts

PC Power in phase C in watts

ZG1 The generator positive impedance in ohms

ZG2 The generator negative impedance in ohms

Vatl The positive sequence voltage for phase a in volts

Vat2 The negative sequence voltage for phase a in volts


