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Abstract—Symmetrical components and the per-unit system
are two of the most fundamental and necessary types of
mathematics for relay engineers and technicians. We must
practice these techniques in order to fully understand and feel
comfortable with them. This white paper provides both
theoretical and real-world examples with questions that can be
used to gain experience with symmetrical components. The full
solutions to these questions can be found in the white paper
“Tutorial on Symmetrical Components, Part 2: Solutions,”
available for download at http://www.selinc.com.

I. INTRODUCTION

The method of symmetrical components is used to simplify
fault analysis by converting a three-phase unbalanced system
into two sets of balanced phasors and a set of single-phase
phasors, or symmetrical components. These sets of phasors
are called the positive-, negative-, and zero-sequence
components. These components allow for the simple analysis
of power systems under faulted or other unbalanced
conditions. Once the system is solved in the symmetrical
component domain, the results can be transformed back to the
phase domain.

The topic of symmetrical components is very broad and
can take considerable time to cover in depth. A summary of
important points is included in this introduction, although it is
highly recommended that other references be studied for a
more thorough explanation of the mathematics involved. Refer
to [1], [2], [3], [4], and [5] for more information on
symmetrical components.

A. Converting Between the Phase and Symmetrical
Component Domains

Any set of phase quantities can be converted into
symmetrical components, where o is defined as 12120, as
follows:
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where Iy, I;, and I, are the zero-, positive-, and negative-
sequence components, respectively. This equation shows the

symmetrical component transformation in terms of currents,
but the same equations are valid for voltages as well.

This results in the following equations:
1
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Likewise, a set of symmetrical components can be
converted into phase quantities as follows:
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This results in the following equations:
I, =1,+1,+1,
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Io =1, +al, +a’1,

These conversions are valid for an A-phase base, which
can be used for A-phase-to-ground, B-phase-to-C-phase,
B-phase-to-C-phase-to-ground, and three-phase faults. In
Section V, Example 4 shows how the base changes for other
irregular fault types. These conversions are also only valid for
an ABC system phase rotation. In Section VI, Example 5
shows how the equations change for an ACB system phase
rotation.

A calculator was created in Microsoft” Excel® to allow us
to convert between the phase and symmetrical component
domains. This calculator is available for download with this
white paper at http://www.selinc.com.

B. Transformer Representations in the Sequence Networks

For information on the formation of the sequence networks
as well as the representation of power system components in
the sequence networks, see [1] and [2].



Transformers are simply represented as their positive- and
negative-sequence impedances in the positive- and negative-
sequence networks, respectively. However, the transformer
representation in the zero-sequence network can be more
complex and is dependent on the type of transformer
connection. Fig. 1 shows some common transformer
connections and the equivalent zero-sequence representations.
For a complete list of transformer connections, see [1].
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Fig. 1. Zero-sequence circuits for various transformer types

C. Connecting the Sequence Networks

Once the sequence networks for the system are defined, the
way they are connected is dependent on the type of fault.
Sequence network connections for common shunt fault types
are shown in the remainder of this subsection. For complete
derivations of these network connections as well as sequence
network connections for series faults, see [2]. In the
connections that follow, Zr is defined as the fault impedance
from each phase to the common point, and Zg is defined as the
impedance from the common point to ground. The Zg term is
only significant when Zp differs per phase or if the line
impedance to the fault point is different between phases. The
typical assumptions are that Zg is the same across all phases
and the line impedances are equal, and therefore, the Zg term
is neglected.

For a three-phase fault, the positive-sequence network is
used with the fault point connected back to the neutral bus, as
shown in Fig. 2.
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Fig. 2. Sequence network connections for a three-phase fault

For a single-phase-to-ground fault, the three networks are
connected in series. Any fault impedance is multiplied by 3
and included in this connection, as shown in Fig. 3.
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Sequence network connections for a single-phase-to-ground fault

Fig. 3.

For a phase-to-phase fault, the positive- and negative-
sequence networks are connected in parallel, as shown in
Fig. 4.
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Sequence network connections for a phase-to-phase fault

Fig. 4.

For a double-line-to-ground fault, all three networks are
connected in parallel, as shown in Fig. 5.
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Sequence network connections for a double-line-to-ground fault

Fig. 5.

D. The Per-Unit System

The per-unit system puts all the values of a power system
on a common base so they can be easily compared across the
entire system. To use the per-unit system, we normally begin
by selecting a three-phase power base and a line-to-line
voltage base. We can then calculate the current and impedance
bases using the chosen power and voltage bases as shown:

S
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Any power system value can be converted to per unit by
dividing the value by the base of the value, as shown:

Actual quantity

Quantity in per unit = @)

Base value of quantity
Likewise, a per-unit value can be converted to an actual
quantity at any time by multiplying the per-unit value by the
base value of that quantity.



To convert impedances from one base to another, use the
following equation:
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For more information on the per-unit system, see [1].

E. Examples

The rest of this paper consists of theoretical and practical
examples that can be used to practice and gain experience in
symmetrical component and per-unit techniques. Each
example consists of questions to guide the reader through the
analysis as well as complete solutions. In the cases with real-
world events, the event records from the relays are available
for download with this white paper and the reader should use
ACSELERATOR Analytic Assistant® SEL-5601 Software to
view them  (available for free  download at
http://www.selinc.com).

II. EXAMPLE 1: SINGLE-PHASE VERSUS
THREE-PHASE FAULT CURRENT

This example shows how to calculate fault currents for two
different fault types at two different locations on a distribution
system. Fig. 6 shows the radial system with two possible fault
locations.
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Fig. 6. Radial system with two fault locations

II-a  On aradial distribution feeder, what type of fault do

we expect to produce the largest fault current?

II-b Using symmetrical components, solve for the
maximum fault current for a bolted three-phase fault at

Location 1.

II-c  Using symmetrical components, solve for the
maximum fault current for a phase-to-ground fault at

Location 1.

II-d  Assume a core-type transformer with a zero-sequence
impedance of 85 percent of the positive-sequence
impedance. Solve for the fault current for a phase-to-
ground fault at Location 1, and compare the results

with that of a three-phase fault.

II-e  Using symmetrical components, solve for the
maximum fault current for a three-phase fault at

Location 2.

II-f  Using symmetrical components, solve for the
maximum fault current for a phase-to-ground fault at
Location 2. Is this greater than or less than the fault

current for a three-phase fault?

III. EXAMPLE 2: PER-UNIT SYSTEM AND
FAULT CALCULATIONS

This example shows how to work in the per-unit system
and calculate fault currents for faults at the high-voltage
terminals of the step-up transformer shown in Fig. 7. The
prefault voltage at the fault location is 70 kVy;, and the
generator and transformer are not connected to the rest of the
power system. The source impedances shown are the
subtransient reactances (X4") of the generator [6].
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Fig. 7. One-line diagram for fault current calculations

[II-a  Select power and voltage bases for the per-unit
system, and calculate current and impedance bases
accordingly.

III-b  Convert all impedances on the system as well as the
prefault voltage to a common base.

[II-c  Draw the positive-, negative-, and zero-sequence
networks for this system up to the fault point.

III-d  What are the maximum short-circuit phase currents for
a three-phase fault?

IlI-e  What are the maximum short-circuit phase currents for
a B-phase-to-C-phase fault?

III-f  What are the maximum short-circuit phase currents for

an A-phase-to-ground fault?

IV. EXAMPLE 3: FAULT CALCULATIONS
FOR A NONRADIAL SYSTEM

This example shows how to work in the per-unit system
and calculate fault currents for a nonradial system, as shown
in Fig. 8. The prefault voltage at the fault location is 1.05 per
unit, and the load current is negligible. The source impedances
shown are the subtransient reactances (Xy") of the generators
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Fig. 8. One-line diagram of a nonradial system

IV-a  Select power and voltage bases for the per-unit
system, and calculate the current and impedance bases

accordingly.



IV-b  Convert all impedances on the system as well as the
prefault voltage to a common base.

IV-c  Draw the positive-, negative-, and zero-sequence
networks for this system.

IV-d  What are the maximum short-circuit phase currents for
a three-phase fault?

IV-e  What are the maximum short-circuit phase currents for
a B-phase-to-C-phase fault?

IV-f  What are the maximum short-circuit phase currents for
a B-phase-to-C-phase-to-ground fault?

IV-g  What are the maximum short-circuit phase currents for
an A-phase-to-ground fault?

IV-h  For an A-phase-to-ground fault, find the maximum
positive-, negative-, and zero-sequence current
contributions from Source S and Source R.

IV-i  Find the phase voltages at the fault location during an

A-phase-to-ground fault.

V. EXAMPLE 4: CHANGING BASES

This example shows the importance of using the right base
when computing symmetrical components. Typical textbook
examples use an A-phase base, which always assumes an
A-phase-to-ground, B-phase-to-C-phase, B-phase-to-C-phase-
to-ground, or three-phase fault. For other fault types, the base
will need to be changed accordingly in order to compute the
correct symmetrical components.

This example shows a B-phase-to-ground fault that
occurred on a transmission line. Open the event record titled
Example 4.cev, and view the symmetrical components during
the fault.

V-a  Are the symmetrical component currents what we
expect to see for a phase-to-ground fault?

V-b  Derive the symmetrical components for an A-phase-
to-ground fault.

V-c  Derive the symmetrical components for a B-phase-to-
ground fault.

V-d  How do we obtain the correct symmetrical component
values for a B-phase-to-ground fault?

V-e  Why did the symmetrical components in

ACSELERATOR Analytic Assistant not calculate
correctly?

VI. EXAMPLE 5: PHASE ROTATION

This example shows the importance of phase rotation when
calculating sequence quantities. The event titled
Example 5.cev is a simulated load condition on an SEL-351S
Protection System. The trip equation in the relay is:

TR =51P1T + 51GIT + 67P1 + 50Q1 + OC

where 50Q1 is a
overcurrent element.

negative-sequence instantaneous

VI-a  What is the pickup setting for 50Q1 in the relay?
Based on the negative-sequence current seen in the
event, should the relay have tripped?

VI-b  Using the phase currents from the event, calculate the
negative-sequence current I,.

VI-c Is it normal to see this much negative-sequence current
during unfaulted conditions?

VI-d What is the phase rotation of the system? Does this
match the phase rotation setting in the relay?

VI-e Why is ACSELERATOR Analytic Assistant calculating
high negative-sequence quantities?

VI-f Calculate the negative-sequence current by hand using
ACB phase rotation.

VI-g  Why did the relay not trip?

VII. EXAMPLE 6: FAULT LOCATOR

This example shows how to use symmetrical components
to determine a fault location using event reports from two ends
of a transmission line. An internal single-line-to-ground fault
was detected on a transmission line by the relays at both ends,
as shown in Fig. 9. The event reports from each relay are
provided in the event records titled Example 6 - Side S.eve

and Example 6 - Side R.eve.
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Fault location on a two-source power system

VIl-a Draw the sequence networks for this fault.

VII-b Using the sequence networks, write an equation to

solve for the fault location m.

VII-c Use the event reports to obtain voltage and current
values during the fault as well as the negative-

sequence line impedance. Solve for m.



VIII. EXAMPLE 7: TRANSFORMER LINE-TO-GROUND FAULT

This example shows how to derive the phase shift,
symmetrical components, and fault currents across a delta-wye
transformer. The event report titled Example 7.cev was
generated after a current differential relay protecting a Dyl
transformer tripped, as shown in Fig. 10. Although the
misoperation of the relay is not the focus of this exercise, it
was caused by incorrect winding current compensation
settings in the relay.
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Fig. 10. Transformer current differential relay protecting a Dyl transformer

VIII-a What type of fault is this? Assuming a radial system,
is the fault internal or external to the zone of
protection?

VIII-b Do we expect the prefault currents on the delta side to

lead or lag the currents on the wye side?

VIII-c The transformer is connected to the system as shown
in Fig. 11. Does this change the current lead/lag

relationship we expect to see across the transformer? If

so, how?
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Fig. 11. Transformer phase-to-bushing connections

VIII-d Draw the phasors for the prefault currents we expect to
see on the system as well as the currents coming into
the relay. Do these match the prefault phasors in the
event?

VIlI-e Draw the phasors that we expect to see on the system
as well as the phasors coming into the relay during the

fault. Does this match what the event shows?

VIII-f Look at the symmetrical components in the event.
Derive these phasors by drawing the sequence network
of the fault.

VIII-g Using the sequence components, work backwards to
derive the phase fault currents on the delta and wye
sides of the transformer.

IX. EXAMPLE 8: TRANSFORMER PHASE-TO-PHASE FAULT

This example shows how to derive the phase shift,
symmetrical components, and fault currents across a delta-wye
transformer. The event report titled Example 8.txt was
generated after a current differential relay protecting a delta-
wye transformer tripped, as shown in Fig. 12. The
misoperation of the relay is not the focus of this exercise.
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Fig. 12. Transformer current differential relay protecting a delta-wye
transformer

IX-a  What type of fault is this? Assuming a radial system,
is the fault internal or external to the zone of
protection?

IX-b  The transformer is connected to the system as shown

in Fig. 13. Do we expect the currents on the delta side
to lead or lag the currents on the wye side?
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Fig. 13. Transformer phase-to-bushing connections
IX-c  Draw the phasors for the prefault currents expected on

the system as well as the phasors coming into the
relay.



IX-d Draw the phasors expected on the system as well as
coming into the relay during the fault. Does this match
what the event shows?

IX-e Look at the sequence phasors in the event. Derive
these phasors by drawing the sequence network of the
fault.

IX-f  Using the sequence components, work backwards to
derive the phase fault currents on the delta and wye
sides of the transformer.
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Tutorial on Symmetrical Components

Part 2: Answer Key

Ariana Amberg and Alex Rangel, Schweitzer Engineering Laboratories, Inc.

Abstract—Symmetrical components and the per-unit system
are two of the most fundamental and necessary types of
mathematics for relay engineers and technicians. We must
practice these techniques in order to fully understand and feel
comfortable with them. This white paper provides both
theoretical and real-world examples with questions and solutions
that can be used to gain experience with symmetrical
components.

[. INTRODUCTION

The method of symmetrical components is used to simplify
fault analysis by converting a three-phase unbalanced system
into two sets of balanced phasors and a set of single-phase
phasors, or symmetrical components. These sets of phasors
are called the positive-, negative-, and zero-sequence
components. These components allow for the simple analysis
of power systems under faulted or other unbalanced
conditions. Once the system is solved in the symmetrical
component domain, the results can be transformed back to the
phase domain.

The topic of symmetrical components is very broad and
can take considerable time to cover in depth. A summary of
important points is included in this introduction, although it is
highly recommended that other references be studied for a
more thorough explanation of the mathematics involved. Refer
to [1], [2], [3], [4], and [5] for more information on
symmetrical components.

A. Converting Between the Phase and Symmetrical
Component Domains

Any set of phase quantities can be converted into
symmetrical components, where o is defined as 12120, as
follows:

I, | 1 1 1 I,
I =§1 a o |1 (1)
I, 1 o o |le

where I, Ij, and I, are the zero-, positive-, and negative-
sequence components, respectively. This equation shows the
symmetrical component transformation in terms of currents,
but the same equations are valid for voltages as well.

This results in the following equations:

1
I, =§(IA+IB+IC)
1
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1
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Likewise, a set of symmetrical components can be
converted into phase quantities as follows:
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This results in the following equations:
I, =1,+L +I,
Iy =1, +o’l, +al, 4)
I =1, +al, +a’l,

These conversions are valid for an A-phase base, which
can be used for A-phase-to-ground, B-phase-to-C-phase,
B-phase-to-C-phase-to-ground, and three-phase faults. In
Section V, Example 4 shows how the base changes for other
irregular fault types. These conversions are also only valid for
an ABC system phase rotation. In Section VI, Example 5
shows how the equations change for an ACB system phase
rotation.

A calculator was created in Microsoft” Excel® to allow us
to convert between the phase and symmetrical component
domains. This calculator is available for download with this
white paper at http://www.selinc.com/.

B. Transformer Representations in the Sequence Networks
For information on the formation of the sequence networks

as well as the representation of power system components in
the sequence networks, see [1] and [2].



Transformers are simply represented as their positive- and
negative-sequence impedances in the positive- and negative-
sequence networks, respectively. However, the transformer
representation in the zero-sequence network can be more
complex and is dependent on the type of transformer
connection. Fig.1 shows some common transformer
connections and the equivalent zero-sequence representations.
For a complete list of transformer connections, see [1].

Transformer Connection

x
3 -
%% : 3Z,
z§( A

=

Zero-Sequence Circuit

%N Z
— S

— Yyl

Fig. 1. Zero-sequence circuits for various transformer types

C. Connecting the Sequence Networks

Once the sequence networks for the system are defined, the
way they are connected is dependent on the type of fault.
Sequence network connections for common shunt fault types
are shown in the remainder of this subsection. For complete
derivations of these network connections as well as sequence
network connections for series faults, see [2]. In the
connections that follow, ZF is defined as the fault impedance
from each phase to the common point, and ZG is defined as
the impedance from the common point to ground. The ZG
term is only significant when ZF differs per phase or if the
line impedance to the fault point is different between phases.
The typical assumptions are that ZF is the same across all
phases and the line impedances are equal, and therefore, the
ZG term is neglected.

For a three-phase fault, the positive-sequence network is
used with the fault point connected back to the neutral bus, as
shown in Fig. 2.

Zr

Fig. 2. Sequence network connections for a three-phase fault

For a single-phase-to-ground fault, the three networks are
connected in series. Any fault impedance is multiplied by 3
and included in this connection, as shown in Fig. 3.
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Sequence network connections for a single-phase-to-ground fault

Fig. 3.

For a phase-to-phase fault, the positive- and negative-
sequence networks are connected in parallel, as shown in
Fig. 4.
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Sequence network connections for a phase-to-phase fault

Fig. 4.

For a double-line-to-ground fault, all three networks are
connected in parallel, as shown in Fig. 5.
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Sequence network connections for a double-line-to-ground fault

Fig. 5.

D. The Per-Unit System

The per-unit system puts all the values of a power system
on a common base so they can be easily compared across the
entire system. To use the per-unit system, we normally begin
by selecting a three-phase power base and a line-to-line
voltage base. We can then calculate the current and impedance
bases using the chosen power and voltage bases as shown:

S
I — base 5
e BV, ®
(Vbase )2
7, =~ tase) 6
base Sbasc ( )

Any power system value can be converted to per unit by
dividing the value by the base of the value, as shown:

o . Actual quantit
Quantity in per unit = k! Y

, (7
Base value of quantity
Likewise, a per-unit value can be converted to an actual
quantity at any time by multiplying the per-unit value by the
base value of that quantity.



To convert impedances from one base to another, use the
following equation:

new

ZPU ~ “pu Sold Vnew

base base

Sncw Vold 2
_Zold o —base base (8)

For more information on the per-unit system, see [1].

E. Examples

The rest of this paper consists of theoretical and practical
examples that can be used to practice and gain experience in
symmetrical component and per-unit techniques. Each
example consists of questions to guide the reader through the
analysis as well as complete solutions. In the cases with real-
world events, the event records from the relays are available
for download with this white paper and the reader should use
ACSELERATOR Analytic Assistant® SEL-5601 Software to
view them  (available for free  download at
http://www.selinc.com).

II. EXAMPLE 1: SINGLE-PHASE VERSUS
THREE-PHASE FAULT CURRENT

This example shows how to calculate fault currents for two
different fault types at two different locations on a distribution
system. Fig. 6 shows the radial system with two possible fault
locations.
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Fig. 6. Radial system with two fault locations

II-a  On a radial distribution feeder, what type of fault do

we expect to produce the largest fault current?

This depends on the fault location and transformer type, as
we see in this example.

II-b  Using symmetrical components, solve for the
maximum fault current for a bolted three-phase fault at

Location 1.

Because a three-phase fault is balanced, no negative- or
zero-sequence currents are present, and therefore, only the
positive-sequence network is used. The following figure
shows the positive-sequence network with only the positive-
sequence impedance of the transformer, because the fault is
just past the secondary windings of the transformer.

Vi=1pu

l\h. Zty

The positive-sequence current can be solved for by
dividing the positive-sequence voltage by the positive-
sequence impedance of the transformer.

[ =—L
ZTI

Because I, =1, + I, + I, and I and I, are zero, then:

I, =1,=—
Zy
II-c  Using symmetrical components, solve for the
maximum fault current for a phase-to-ground fault at
Location 1.

The following figure shows the sequence networks
connected in series for a single-phase-to-ground fault.

Vi=1pu
I Zr
|2 ZT2 §3RF
o 74

Lo

The positive-, negative-, and zero-sequence currents are
equivalent and can be solved for by dividing the positive-
sequence voltage by the equivalent impedance of the network.

— Vl
2oy + 2y +Zpy +3Rg

L

If we assume that Z1; = Z1, = Zry and there is zero fault
resistance, then:
1
1 37, 2 =1y

1
I, =1+, +1, =—
Tl

II-d  Assume a core-type transformer with a zero-sequence
impedance of 85 percent of the positive-sequence
impedance. Solve for the fault current for a phase-to-
ground fault at Location 1, and compare the results

with that of a three-phase fault.

A core-type transformer has a lower exciting impedance,
and the zero-sequence impedance can be 85 to 100 percent of
the positive-sequence impedance [6]. If we assume a core-type
transformer, then Zto = 0.85 * Z,.

— Vl — 1 =1, =
Zy +Zp, +0854Z,, 2.85¢Zy ° °

L,

3 1.05
b T s T 7
. T1 T1



Assuming a core-type transformer, a phase-to-ground fault
can produce more fault current than a three-phase fault when
the fault is at the bus. The event report titled Example 1A.cev
shows an evolving fault where the fault current for the line-to-
ground fault is larger than that of the three-phase fault. See [7]
and [8] for a complete analysis of this event.

II-e  Using symmetrical components, solve for the
maximum fault current for a three-phase fault at

Location 2.

The sequence network for the new fault location is the
same as for the previous fault location, except now we have
the line impedance included. This is shown in the following
figure.

Vi=1pu

l\ |1. Zry Zy4

The positive-sequence current can be solved for as follows:
__ Y
1 Zn+7Zy,
Because I, =1y + I, + 1, and I and I, are zero, then:

B 1
Zn+Zy,

IA 71
[I-f  Using symmetrical components, solve for the
maximum fault current for a phase-to-ground fault at

Location 2. Is this greater than or less than the fault
current for a three-phase fault?

The following figure shows the sequence networks
connected in series for a single-phase-to-ground fault, with the
line impedance included because of the new fault location.

Vi=1pu

<§3R|:

u‘; Zto Zio

The positive-, negative-, and zero-sequence currents are
equivalent and can be solved for by dividing the positive-
sequence voltage by the equivalent impedance of the network.

Vl
C Zy +Zy + Ly +Zy g+ Ly + 2y + 3Ry

L

4

Assume that Zy; = Z, = Z1g and there is zero fault
resistance. Also assume that Z;; = Z;, and Z; =3 * Z;;.
1
= =hL=]
32 +5Z,
3 1

I, =1+ +I, =

3y +52y,  Zn +(1.67°Z,,)

Comparing the results for the fault at Location 2, we can
conclude that for a fault out on the feeder, the fault current
produced by a three-phase fault is larger than that produced by
a single-phase-to-ground fault. This is because, for a fault out
on the feeder, the zero-sequence line impedance (which is
typically larger than the positive-sequence line impedance)
begins to dominate and make the line-to-ground fault current
less than that of a three-phase fault. The event report titled
Example 1B.cev shows an evolving fault where the fault
current for the three-phase fault is larger than that of the line-
to-ground fault. See [7] and [8] for a complete analysis of this
event.

III. EXAMPLE 2: PER-UNIT SYSTEM AND
FAULT CALCULATIONS

This example shows how to work in the per-unit system
and calculate fault currents for faults at the high-voltage
terminals of the step-up transformer shown in Fig. 7. The
prefault voltage at the fault location is 70 kVi;, and the
generator and transformer are not connected to the rest of the
power system. The source impedances shown are the
subtransient reactances (X") of the generator [9].

11.8 KV

75 MVA A _éll

@?;

Z,=117.5% 11.8/66 kV
Z,=135%  T5MVA Z,-580Q
j10.0%

Fig. 7. One-line diagram for fault current calculations

[lI-a  Select power and voltage bases for the per-unit
system, and calculate current and impedance bases

accordingly.

To use the per-unit system, first choose a power base and a
voltage base. We choose a three-phase power base of
100 MVA and voltage bases as defined by the transformer:

Shase = 100 MVA

Vbase_della =11.8kV

Vbaseﬁwye =66 kV

Notice that it is possible to have multiple voltage bases. We
start by choosing one voltage base and then use the voltage
ratios of the transformers to convert the original voltage base
to all the other parts of the system. This means that at every
transformer, there will be a voltage base conversion.

We then calculate the current and impedance bases using
the power and voltage bases and (5) and (6). Depending on the



voltage base that is active for the area we are working in, we
will calculate different current and impedance bases.
On the delta side of the transformer, using Viase deltat

Ibase delta — Sbase = 100 MVA =4.89 kA
h \/g.vbase_delta \/§'118 kV
(Vbase delta )2 (1 1.8 kV)2
Zbase delta — ~ = =1.39Q
- Space 100 MVA

On the wye side of the transformer, using Vyase wye:

Tinse wiye = Stase _100MVA _e7477 A
- \/g ¢ Vbaseiwye \/g *66 kV
(vbaseiwye)2 (66 KV’
Zise wye = = =43.56 Q
Shase 100 MVA

III-b  Convert all impedances on the system as well as the
prefault voltage to a common base.

To convert per-unit impedances from one base to another,
use (8). The generator and transformer impedances are given
in per unit on a 75 MVA, 11.8 kV base and need to be
converted to a 100 MVA base.

2
Zg = j0.175100 MVAIL8KV Y _ j0.233 pu
75 MVA (11.8 kV
2
Zg, :j0.135100 MVA(118kV =j0.180 pu
75 MVA \11.8 kV

. 100 MVA[II.S kv

2
Zoy =Zpy =Zro = j0.10 =j0.133
1= o = fro =SS VA 11.8kVJ ! by

The neutral impedance is given in ohms on the wye side of
the transformer, so we need to divide it by the wye-side
impedance base to convert it to per unit.

Z, LI 1.332 pu
43.56
Convert the prefault voltage at the fault location to per unit
by dividing by the wye-side voltage base.
VP — 70kV

P =

~1.06pu
66kv P

[II-c  Draw the positive-, negative-, and zero-sequence

networks for this system up to the fault point.

The following figure shows the positive-, negative-, and
zero-sequence networks for the system up to the fault location.
The positive- and negative-sequence networks are similar,
while the zero-sequence network has a break in it due to the
delta connection of the transformer.

V,=1.06 pu

h 7., =j0.233 Z11=j0.133
NV NNV

N2

27,2018 Zr2=j0.133

A %’

[II-d  What are the maximum short-circuit phase currents for
a three-phase fault?

A three-phase fault is balanced and has no negative- or
zero-sequence current. Therefore, only the positive-sequence
network is connected, as shown in the following figure.

Ny
V1 =1.06 pu

h 74,=i0.233 Z71=j0.133
AN

The positive-sequence current can be solved for by
dividing the positive-sequence voltage by the impedances in
the positive-sequence network.

1.06

=——— =—-32.89 puor 2.89/-90 pu
1750233140133 0P P
I, =I,+I +1,=2.892-90 pu

Convert the A-phase current from per unit to amperes by
multiplying by the appropriate current base, Iyase wye-

I, =2.89+874.77 =25282-90 A



Because an ideal three-phase fault is balanced, |I4| = |Ig| =
[Ic|, and they are all 120 degrees out of phase, then:

I, =25282150 A

I =2528430 A
IlI-e  What are the maximum short-circuit phase currents for
a B-phase-to-C-phase fault?

For a phase-to-phase fault, the positive- and negative-
sequence networks are connected in parallel at the fault point,
as shown in the following figure.

N,
V;=1.06 pu
b 75210233 Zr=j0.133
A
N2
2 ze,=j018 zr=j0.133
A K
3Z,=3.99 No
Zeo b 7.=j0.133
LaAn—e AV Y
From this diagram, we can observe that I, = —I,. We can
solve for I; as follows:
1.06
I =1.562-90 pu

- j0.233+j0.133+j0.18+j0.133
I, =1.56290 pu
I, =[+[+1,=0
I, =1, +o’l, +al, =-2.7 pu
I =1, +al, +a’l, =2.7 pu
Convert the phase currents from per unit to amperes by
multiplying by the appropriate current base, Ipase wye-
Iy =-2.7+874.77 = 2361.8£180 A
I =2.7874.77=2361.8£40 A
Notice that I, is zero and Iy is 180 degrees out of phase

with Ic, which is the ideal case for a phase-to-phase fault on
the B- and C-phases.

III-f  What are the maximum short-circuit phase currents for

an A-phase-to-ground fault?

For a single-phase-to-ground fault, the three sequence
networks are connected in series at the fault point, as shown in
the following figure.

I\
V41 =1.06 pu

Wz, =j0.233 Zr;=j0.133
AV

N2

From this diagram, we can observe that [, = I, = I,. We can
solve for I, as follows:

1.06
©j0.233+0.133+ j0.18+ j0.133+ j0.133+3.99
=0.2603£-11.5pu=1, =1,
I, =1, +1,+1, =31, =0.7809£-11.5 pu

Iy =1, +a’l +al, =0

L

I. =1, +al, +a’l, =0

Convert the A-phase current from per unit to amperes by
multiplying by the appropriate current base, Iyase wye-

I, =0.7809+874.77=683.1£-11.5 A

IV. EXAMPLE 3: FAULT CALCULATIONS
FOR A NONRADIAL SYSTEM

This example shows how to work in the per-unit system
and calculate fault currents for a nonradial system, as shown
in Fig. 8. The prefault voltage at the fault location is 1.05 per
unit, and the load current is negligible. The source impedances
shown are the subtransient reactances (X4") of the generators

[3].
13.8 KV A\ —én- .,,9_ A

100 MVA S R

¢

: : | § ZLine1 = ZLmeZ =j20Q
Tx ZLineO =j60Q Ty

13.8 kV
100 MVA

Z,=15% Zet = j20%

Z,=117% = Zrp = j21%
Z, = 5% 13.8/138 kV 138/13.8 kV Zeo = 110% L
100 MVA 100 MVA Z,=j0.05pu
i10% j10%
Fig. 8. One-line diagram of a nonradial system



IV-a  Select power and voltage bases for the per-unit
system, and calculate the current and impedance bases

accordingly.

To use the per-unit system, first choose a power base and a
voltage base. We choose a three-phase power base of
100 MVA and voltage bases as defined by the transformers:

Spase = 100 MVA

Vbase_line =138kV

Vbaseibuses =13.8kV

Notice that it is possible to have multiple voltage bases. We
start by choosing one voltage base and then use the voltage
ratios of the transformers to convert the original voltage base
to all the other parts of the system. This means that at every
transformer, there will be a voltage base conversion.

We then calculate the current and impedance bases using
the power and voltage bases along with (5) and (6).
Depending on the voltage base that is active for the area we
are working in, we will calculate different current and
impedance bases.

On the line side of the transformers, using Visse jine:

S 100 MVA
I ase_line — bxe = =418.37 A
et \/g.vbascilinc \/5.138 kv
(Vbase line )2 (138 kV)2
Zbase line — = = =190.44 Q
- S 100 MVA

base

On the buses, which are on the delta sides of the
transformers, using Viase buses:

S 100 MVA
! = e = —4183.7 A
. \/g * Vbasefbuses \/g *13.8kV
(Vbase buses )2 (1 3.8 kV)2
Zbase_buses = S_ = 100 MVA =1.90 Q

base

IV-b  Convert all impedances on the system as well as the
prefault voltage to a common base.

The generator and transformer impedances are already on
the correct bases. The only impedances that need to be
converted are the line impedances.

To convert the line impedances from ohms to per unit,
divide them by Zbase_line-

j20
190.44

_j60
0 7190.44

=j0.105 pu

ZLinel = Liline2 <=

=j0.315 pu

IV-c  Draw the positive-, negative-, and zero-sequence

networks for this system.

The following figure shows the positive-, negative-, and
zero-sequence networks for the system. The positive- and
negative-sequence networks are similar, while the zero-
sequence network has two breaks in it due to the delta
connections of the transformers.

Ny
V4 =1.05pu V4 =1.05pu
(s Z11=0.10 Zry=
A MV MV A
Zs1 = j0.15 ZLine1 = j0.105 ZR1 = j020
N2
(s Zr2=]0.10 Zr,2=0.10 l2e
A AA% A AAY A
Zsz =]017 ZLine2=j0-105 ZR2=j0.21
No
los log | 3Z,=j0.15
ZTx0=j0-1O ZTy0=j0.10
—\V\W\—e ANV AAAY MV -
Zso =j0.05 Ziineo = j0.315 Zro=j0.10

These networks can be simplified by combining the
impedances on each side of the fault point, as shown in the
following figure. The positive-sequence network is further
simplified by combining both voltage sources into one
equivalent source.

N4
V1=1.05pu
s 7, =j0.455 Iie
ZR1 = J020
N
s z,=j0.475 Izr )
NV NV
ZRZ = J021
-—




IV-d What are the maximum short-circuit phase currents for
a three-phase fault?

A three-phase fault is balanced and has no negative- or
zero-sequence current. Therefore, only the positive-sequence
network is connected, as shown in the following figure.

N4

V1= 1.05pu

i

lis 7,=j0.455 e
L= Aa—)
L Zm=j020

fr

V41 =1.05pu
l lis N, |1Rl
AAAY M\
Z,=0.455 Zr1=0.20

The positive-sequence current through the fault can be
solved as follows:

L =Lg+Ix
. =—_1'05 +—.1'05 =7.557£-90 pu
0455 j0.20

For a three-phase fault, I, and I, are both 0.
Convert from the sequence to the phase domain as follows:
I, =1+, +1, =7.557£4-90 pu
I =1, +o’l +al, =7.557£150 pu
I. =1, +al, +a’l, =7.557230 pu
Convert the phase currents from per unit to amperes by
multiplying by Ipase buses-
I, =7.55724-90+4183.7=31.622-90 kA
I; =7.557£150+4183.7 =31.62£150 kA

I =7.557£30+4183.7=31.62/30 kA
IV-e  What are the maximum short-circuit phase currents for
a B-phase-to-C-phase fault?

For a phase-to-phase fault, the positive- and negative-
sequence networks are connected in parallel at the fault point,
as shown in the following figure. On the right side of the
figure, the networks are represented by their equivalent
impedances for simplification.

N4
Vi =1.05pu N,
N2
Zr1=j0.20 Zro= 0.21
Z,=j0.455 Z,=j0.475

QS»

Z,=]0.1456

v

Yo .

From this diagram, we can observe that I; = —I, and I, = 0.
We can solve for I, as follows:
1.05
. =3.694-90 pu

" 501389+ j0.1456
I, =3.69.£90 pu
Convert from the sequence domain to the phase domain as
follows:
I, =1+, +1,=0
I =1, +o’I, +al, = 6.39£180 pu
I =1, +al, +a’l, =6.3920 pu
Convert the phase currents from per unit to amperes by
multiplying by Ipase buses-
I, =0
I; =6.39/180+4183.7 =26.73£180 kA
I =6.3920+4183.7=26.73£0 kA
Notice that I, is zero and Iy is 180 degrees out of phase

with I, which is expected for a phase-to-phase fault on the B-
and C-phases.

IV-f  What are the maximum short-circuit phase currents for

a B-phase-to-C-phase-to-ground fault?

For a double-line-to-ground fault, the three sequence
networks are connected in parallel at the fault point, as shown
in the following figure assuming zero fault resistance. On the
right side of the figure, the networks are represented by their
equivalent impedances for simplification.

N,
N N N
V4 =1.05 pu ! 20
V1=1.05pu
N2 No
Zr1=j0.20 Zro= j0.21
Z,=j0.455 Z,=j0.475 % i Z,=j0.1456 |
ZR0= J0.25
|1s |1RI l IZS IZR]
z,=j0.1389 | Zro=10-25
f f [ Vel
1 0
/ +I1 / +|2 +|o \

/ /



From the diagram, we can solve for I; as follows:

1.05

=- : —_=4.547/-90 pu
j0.1389 +(j0.1456 || j0.25)

L,

We can solve for the negative- and zero-sequence currents
using a current divider and the positive-sequence current.

Z
L=-L| —R—|=
Z, +Zg,
4.547290 L =2.87490 pu
j0.1456 + j0.25

I, =-1 2|
O N Z,+ Zy,

j0.1456

4547290 — 02
§0.1456 + j0.25

j: 1.67.£90 pu

Convert from the sequence domain to the phase domain as
follows:

I, =1+ +1,=0
I =1, +a’l, +al, = 6.90£158.66 pu
Io =1, +al, +o’], =6.90£21.33 pu
Convert the phase currents from per unit to amperes by
multiplying by Ipase buses-
I, =0
I; =6.90£158.66+4183.7 = 28.85.£158.66 kA
I. =6.90£21.33+4183.7 =28.85221.33 kA

IV-g  What are the maximum short-circuit phase currents for
an A-phase-to-ground fault?

For a single-phase-to-ground fault, the three sequence
networks are connected in series at the fault point, as shown in
the following figure.

Ny
V1=1.05pu
lis  7,=j0.455 Iz
L= wW——wA——
4 Zri=10.20
¥ "
N2
ls  7,=0.475 I2r
SV VY VERELYPYY Wi nf
é, Zro = 0.21
o

9

From this diagram, we can see that I} = I, = [,. We can
solve for I; as follows:

- 1.05 ~
' (j0.455]j0.20) +(j0.475] j0.21) + j0.25
1.964/-90 pu=1, =1,

Convert from the sequence domain to the phase domain as
follows:

I, =1, +1,+1, =3I, =5.8932-90 pu
I, =1+’ +al, =0
I. =1, +al, +o’l, =0
Convert the phase currents from per unit to amperes by
multiplying by Ibase buses-
I, =5.893+4183.7 =24.656£-90 kA
I;=0
I.=0
IV-h  For an A-phase-to-ground fault, find the maximum

positive-, negative-, and zero-sequence current
contributions from Source S and Source R.

To find the contributions from Source S and Source R,
perform a current divider using the sequence currents.

o =1,[—2%2 __1_05997,-90 pu
j0.20+ j0.455
T =1, [ =324 11 364,90 pu
j0.20+ j0.455
Lo=1,| —2%2 -0 602,290 pu
j0.21+j0.475
Ly =1, =247 1_1 362,90 pu
j0.21+j0.475
Ipg =0

Ipx =1, =1.9642-90 pu



IV-i  Find the phase voltages at the fault location during an

A-phase-to-ground fault.

First, find the sequence voltages at the fault location by
writing voltage drop equations around each loop, as shown in
the following equations and figure.

Vi =Vi -1, (Zl ll ZRI)
Vi, =0-1, (Zz l ZRZ)
Vo =0-1, (ZRO)
Vg =1.05 —(1 .9644790) . (j0.1389) =0.777 pu
Vi, = 0—(1.9644790) . (j0.1456) =-0.286 pu
Vi =0- (1 .9644—90) . (j0.25) =-0.491 pu

N4

V;=1.05 pu Ves

Q»

Zy || Zrs +
NNV

| VE2
L2I 23 || Zr2 +

MV

Vro
LIOI Zro M

Convert from the sequence domain to the phase domain as
follows:

Via = Vg + Vg + Vi, =0
Vig = Vi + 2 Vy, + 0V, =1.178/-128.66 pu
Vie = Vio + Vg, +a° Vg, =1.178£128.66 pu

V. EXAMPLE 4: CHANGING BASES

This example shows the importance of using the right base
when computing symmetrical components. Typical textbook
examples use an A-phase base, which always assumes an
A-phase-to-ground, B-phase-to-C-phase, B-phase-to-C-phase-
to-ground, or three-phase fault. For other fault types, the base
will need to be changed accordingly in order to compute the
correct symmetrical components.

This example shows a B-phase-to-ground fault that
occurred on a transmission line. Open the event record titled
Example 4.cev, and view the symmetrical components during
the fault.

V-a  Are the symmetrical component currents what we

expect to see for a phase-to-ground fault?

Because the sequence networks are connected in series for
a phase-to-ground fault, we expect to see I; = I, = I;. For this
event, the symmetrical components are each 120 degrees out

10

of phase with each other, as shown in the following figure.
This is not correct.

270

V-b  Derive the symmetrical components for an A-phase-

to-ground fault.

Typical textbooks as well as the introduction to this paper
use (1) to derive symmetrical components from phase
quantities. This method assumes an ABC system phase
rotation as well as an A-phase reference or base. An A-phase
base means that the A-phase is in the top position of the phase
current matrix followed by B-phase and C-phase for a system
with an ABC phase rotation. An A-phase base is only valid for
A-phase-to-ground, B-phase-to-C-phase, B-phase-to-C-phase-
to-ground, or three-phase faults.

Because an A-phase-to-ground fault assumes Iz = Ic = 0,
then:

I,=1 =1, =§IA
This results in the zero-, positive-, and negative-sequence
currents being equal and in phase with each other, which is
what we expect. Equation (1) works fine when the fault is an
A-phase-to-ground fault.

V-¢c  Derive the symmetrical components for a B-phase-to-

ground fault.

Use (1) to calculate symmetrical components for a
B-phase-to-ground fault.

Because a B-phase-to-ground fault assumes I, = Ic = 0,
then:

Iy EIB
1

Il ZECX,IB
1

I _gaZIB

The unexpected result is that Iy, I;, and I, are 120 degrees
out of phase instead of in phase with each other. This matches
the phasors in the figure from the answer to Question V-a and
is incorrect, which proves that (1) does not work for a
B-phase-to-ground fault.



V-d  How do we obtain the correct symmetrical component

values for a B-phase-to-ground fault?

To correctly calculate the symmetrical components for
something other than the typical A-phase base faults, we must
change the base in (1). This is done by rotating the terms in
the phase current matrix so that the top position is the
reference, the middle term lags the reference by 120 degrees,
and the bottom term leads the reference by 120 degrees.

For a B-phase base on a system with an ABC system phase
rotation, the new equation is as follows:

I, L1 1,

Using this new transformation equation and assuming that
IA = Ic = 0 for a B-phase-to-ground fault, we obtain:

1
Iy=1 =1, ZEIB
Notice that Iy, I;, and I, are all in phase with each other,

which is what we expect to see for a phase-to-ground fault.

V-e  Why did the symmetrical components in
ACSELERATOR Analytic Assistant not calculate

correctly?

The event viewer needs to know what base to use when
calculating symmetrical components. If the correct base is not
selected, the symmetrical components will calculate
incorrectly, as we demonstrated in this example. The
following figures show that selecting B Phase as the base in
ACSELERATOR Analytic Assistant will make the sequence
phasors come in line with each other.

f @ Cptions

Mizcellaneous Options

===

Fiotation Dptions

Default Frequency: |60 + ABC " ACB
v Keep COMTRADE Files Graph Options

¥ &uto Range | Channels

¥ Include Sequence Elements on Graph

[T Use Peak Measurement
[v Print Summary with Graph

[v Show Trigger on Graph

Select Default Dizplay of CurentsAVoltages:

e
Default Event Report Directomn e =
T
EX ~| T
B i & I together I I split
-] 1e67dedc28187codeaelb Vil Vil
{:l Intel e o R
B logs e = o R e
: R e st e
{7) M50Cache il e [P
il e
‘ 0 i ¢~ Ltogether ~ Lsplt
[C-\ProgramD atatSEL\SELSEOT W split W split

Ok LCancel
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When viewing symmetrical components in ACSELERATOR
Analytic Assistant, it is very important to always select the
correct base. For a single-phase-to-ground fault, the correct
base is the faulted phase. For a phase-to-phase or double-line-
to-ground fault, the correct base is the unfaulted phase. For a
three-phase fault, the base selection does not matter.

VI. EXAMPLE 5: PHASE ROTATION

This example shows the importance of phase rotation when
calculating  sequence quantities. The event titled
Example 5.cev is a simulated load condition on an SEL-351S
Protection System. The trip equation in the relay is:

TR =51PIT +51GIT + 67P1 + 50Q1 + OC

where 50Q1 is a

overcurrent element.

negative-sequence instantaneous

VI-a  What is the pickup setting for 50Q1 in the relay?
Based on the negative-sequence current seen in the

event, should the relay have tripped?

From the relay settings, we can see that 50QI1P = 3 A
secondary. The following figure is from the SEL-351S
Instruction Manual and shows that the 50Q1 element asserts
when 3 « I, becomes greater than the S0Q1P setting.

Relay
Word
Setting _Bis
50Q1P =
! :‘ 50Q1
2 + 67Q1
] ) Ly 67Q1D,
Directional C<?ntrol —67Q1T
(asserted to logical 1 H

continuously if E32 = N)

SELoaGIC®
Control
Equation SELoaic Control
Setting Equation
67Q1TC Torque Control




The phasors in the event show that I, is about 600 A
primary, as shown in the following figure.

Chanrel  [Mag  |angle [Seale [Show |Pef
[ 5331 3300 1 a
1B 5992 90.0

1
1
.
1
1
1

i
1
1
1
.
1
1
.
1
1

= = P U g
Ccoooooooooo—oooo

With a current transformer (CT) ratio of 120, the measured
3 « I, comes out to 15 A secondary.

31, =3+599.4 =1798 A primary
1798 A primary
120

This is greater than the pickup value of 3 A secondary, so it
looks as if the relay should have tripped for this condition.

The following event report shows that although the
negative-sequence current magnitude is significantly above
the pickup, the 50Q1 element did not assert and the relay did
not issue a trip.

=15 A secondary

500 £
250 £

IAIBIC
o
t

250 £

500 £

500 4

250 |

Digitals [1lag I2Mag 10Mag

0.0 25 5.0 7.5 10.0 12.5 15.0
Cycles

VI-b  Using the phase currents from the event, calculate the
negative-sequence current .

To convert phase currents to symmetrical components, use
(1). Using the phase currents from the previous figure,
calculate the negative-sequence component.

1, :%(IA + ol +olc )

I, = %[(599.14330) +a’ (599.2290)+a(599.94210.1) |

=599.4/-30 A
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This matches the negative-sequence current shown in the
second figure in the answer to Question VI-a.

VI-c Is it normal to see this much negative-sequence current

during unfaulted conditions?

No. A large amount of negative-sequence current or
voltage that appears in normal load metering along with a very
small amount of positive-sequence current or voltage is cause
for suspicion.

VI-d What is the phase rotation of the system? Does this
match the phase rotation setting in the relay?

A large amount of negative-sequence current with a small
amount of positive-sequence current seen during normal
conditions is normally a system phase rotation issue. The
following figure shows the phasors during the event. As the
phasors rotate in a counterclockwise direction, the order in
which they pass a reference point is A-phase, then C-phase,
and then B-phase. This means the system has an ACB phase
rotation.

90

135 VB(kV) 45

VARV)

225 CkV) 315

270

The settings in the relay also show that the global setting
PHROT is set to ACB, which is correct and matches the event
phasors.



VI-e  Why is ACSELERATOR Analytic Assistant calculating

high negative-sequence quantities?

When viewing events in ACSELERATOR Analytic Assistant,
the symmetrical components of the voltages and currents that
are displayed are calculated based on the phase quantities.
Because of this, we must tell the software the phase rotation of
the system, which can be done under the Options menu, as
shown in the following figure.

bﬁ Cptions
Miscelaneous Options
Default Frequency: |60
¥ Keep COMTRADE Files

[T Use Peak Measurement
[v Piint Summay with Graph

o c—
Riotation Options
" 4BC
Graph Options

v Auto Range |V Channels

IV Include Sequence Elements on Graph

Analysiz Options
Select Sequence Element Base:

* 4Phase " BFPhase © CPhase
[T Use Prefault Reference Data

v Shaw Trigger an Graph

Select Default Display of CurenteMoltages:

[ S
Default Event Report Directorny = = e =
[
ErX | R
B o\ i & [together 1 split
-1 1e87dede281 87codealelb: W gl V together
{:I Intel —— ==
B0 loge o] B e
H P e —
B M50Cache 5 e
H—— e =
! il i ~ ltogether ~ Lsplit
[E:\ProgramDatahSELASELS60T W split i split

Ok LCancel

The following figure shows the symmetrical components
after changing the phase rotation in ACSELERATOR Analytic
Assistant to ACB. Notice the negative-sequence current is
now very small and the positive-sequence current is very high.
This is the opposite of the results we saw when we assumed
an ABC system phase rotation.

[Channel  Mag  [&ngle [Scale [Show [Ref
|IA 5991 3300 1 1 0
1B 533.2 900 1 1 0

| IC 5399 2101 1 1 0
IN 0.3 2721 1 0 0
G 1. 0 0
vy [11.8 1 1
VEIkY] 119 1200 1 1 0
VT [kY] 119 2400 1 1 0
WS [kY] 0.0 2500 1 0 0
VDT 220 N/ 0 0
FREQ EOO N 1 0 0
10 0.3 2500 1 1 0
11 5994 3300 1 1 0
12 0.6 1675 1 1 0
0 0.0 2085 1 1 0
W1 118 00 1 1 0
W2 0.0 1284 1 1 0
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VI-f Calculate the negative-sequence current by hand using
ACB phase rotation.

For ACB phase rotation, (1) needs to be modified by
putting the currents in the phase matrix in ACB order, as
follows:

I, | 1 1 1 I,

Ll==|1 a o |l
3

L, 1 o al|ls

I, =§(IA +a’le +aly)

I, = %[(599.14330)+ o (599.94210.1)+(599.2290)]

=1.36£147 A

Notice that this does not exactly match the results for I, in
the second figure in the answer to Question VI-e. This is due
to a rounding error that comes into play because I, has such a
small magnitude (0.6 A primary). The accuracy of the phase
currents (I, Ig, and Ic) we are using in our hand calculations
is limited to the number of significant digits displayed by the
software. The difference between the hand-calculated results
and the ACSELERATOR Analytic Assistant results is due to the
fact that ACSELERATOR Analytic Assistant is actually using
more significant digits for the phase currents. The important
thing to note is that when the correct phase rotation is used,
the traditional method matches ACSELERATOR Analytic
Assistant and results in extremely small (and negligible)
values of negative-sequence current.

VI-g Why did the relay not trip?

The relay did not trip because there was very little
negative-sequence current present. The relay was calculating
the negative sequence correctly because it knew the phase
rotation was ACB (setting PHROT = ACB). ACSELERATOR
Analytic Assistant, however, needs to be told the correct phase
rotation in order to calculate the symmetrical components
correctly.



VII. EXAMPLE 6: FAULT LOCATOR

This example shows how to use symmetrical components
to determine a fault location using event reports from two ends
of a transmission line. An internal single-line-to-ground fault
was detected on a transmission line by the relays at both ends,
as shown in Fig. 9. The event reports from each relay are
provided in the event records titled Example 6 - Side S.eve

and Example 6 - Side R.eve.
@ @

Fig. 9.

S R
— I
AV

"L LF

Fault location on a two-source power system

VII-a Draw the sequence networks for this fault.

Because the fault is a line-to-ground fault, the sequence
networks are connected in series at the fault point, as shown in
the following figure. The distance to the fault in per unit of
total line length is m. The flags mark the relay positions.

E1s E1R

(1-m)- Z1LL1 Zir w
AA'A% AA'A%

M\

3Rr

Vor (1 _m) .
NN

VII-b Using the sequence networks, write an equation to
solve for the fault location m.

Any of the sequence networks can be used to solve for the
fault location, but the negative-sequence network is preferred
because it is not affected by load flow or zero-sequence
mutual coupling.

To solve for m, write two voltage drop equations at the V¢
fault location—one between node V,r and the S relay and one
between node V,r and the R relay. These equations are as
follows:

Vis—Lgeme+Z, =V,
Vor =L ’(l_m)'zzL =V

Because we have event reports from both ends of the line,
the negative-sequence voltages and currents as well as the
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negative-sequence line impedance (from the relay settings) are
known. This results in two equations and two unknowns (Var
and m).

Because both equations are equal to V,r, we can eliminate
this unknown variable by setting the equations equal to each
other.

Vos —lygemeZ, = Vo =Ly '(1_m)'ZZL
Then rearrange to solve for m.
Vis = Vog +Lg * Zyp =m(Lys * Zyp +1g *Zy; )
_ Vo= Vor t 07y,
Zy (s +1r)

VII-c Use the event reports to obtain voltage and current
values during the fault as well as the negative-
sequence line impedance. Solve for m.

Vys and I (magnitude and angle) can be found from the
Example 6 — Side S.eve event during the time of the fault. It
is best to select values that are stable and unchanging. In this
event, stable data are found between 4.75 and 6.75 cycles, as
shown between the two dashed blue vertical lines in the
following figure.

o700, 300,083 ] ] [v] [e]
1A 1B 1C 12Mag 12Ang V2Mag V2Ang
1000 1,250000 gycles
Q
@ 04
<
-1000 -
400
. v B
2
o
E, 200 |
=
]
0 |
400 -
o
=
>
o 200 -
=
o
>
0 T T T T 1 1 T 1 1
1 2 3 4 5 6 7 8 9 10 1
Cycles
Channel  [Mag |Angle |Scale |Sh0w |F|ef
IPOL nan 1564 1 a a
IR a5 947 1 1] 1]
I 864 2967 1 1 a
B 1079 2807 1 1 0
IC 10308 971 1 1 1]
W, 921 549 1 1 a
B 921 2835 1 1 1]
WC e 1711 1 1 a
1] 2808 947 A a a
I #7991 1 1 a
12 13687 983 1 1 a
W0 ¥ .0 1 1 1
1 83 1718 1 1 a
W2 8.2 3556 1 1 0

Because this is a C-phase-to-ground fault, we must select
values on a C-phase base.
From this event, we gather the following:

Is =368.7296.9 A
V,q =8.2/355.6 kV



V,r and Ir (magnitude and angle) can be found in a similar
way from the Example 6 — Side R.eve event during the time
of the fault.

Chanrel  [Mag  [&ngle [Scale [Show [Ref
IPOL ] 2624 1 0 0
IR 2RE7 21951 1 0 0
12 1217 1338 1 1 0
IE 1196 848 1 1 0
IC 24382 937 1 1 0
hia) 239 567 1 1 0
B 231 2916 1 1 0
T 485 1709 1 1 0
10 8835 950 1 1 0
i} 7498 924 1 1 0
12 2053 935 1 1 0
0 114 00 1 1 1
1 7h8 1738 1 1 0
2 160 3565 1 1 0

From this event, we gather the following:
I, =805.34935 A

V,p =16.0/356.5 kV

From the event report relay settings, we can find that
R1=R2=16.77 and X1 = X2 = 65.21 (note that if these
settings are in ohms secondary, they must be converted to
ohms primary). Converting from the rectangular form of
16.77 +j65.21 to the polar form, we obtain the following:

Z, =67.33£75.58Q

We can then plug these data into the following equation to
solve for the fault location m.
m= Vos = Vor + g *Zy,
Z2L (IZS + IZR )
m=
(8200£355.6) —(16000.£356.5) +(805.3.£93.5) *(67.33.£75.58)
67.33475.58(368.7496.9 + 805.3493.5)
=0.78 pu

From the LL setting in the relay, we see that the line length
is 82 miles. 0.78 ¢ 82 miles gives us a fault location of
63.96 miles from Side S.

Now that the fault location m is known, it is possible to use
the same sequence networks to solve for the fault resistance, if
desired. The figure in the answer to Question VII-a will now
have all known impedances, with the exception of the fault
resistance, 3Rp. For more information on fault location
algorithms and symmetrical components, see [10], [11], and
[12].
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VIII. EXAMPLE 7: TRANSFORMER LINE-TO-GROUND FAULT

This example shows how to derive the phase shift,
symmetrical components, and fault currents across a delta-wye
transformer. The event report titled Example 7.cev was
generated after a current differential relay protecting a Dyl
transformer tripped, as shown in Fig. 10. Although the
misoperation of the relay is not the focus of this exercise, it
was caused by incorrect winding current compensation
settings in the relay.

S

X I
3 115/13.2 kV I *

— 10.5 MVA
A =%
W1 w2

Fig. 10. Transformer current differential relay protecting a Dyl transformer

VIII-a What type of fault is this? Assuming a radial system,
is the fault internal or external to the zone of
protection?

It is a C-phase-to-ground fault on the wye side of the
transformer. The fault is external because both relay CTs see
fault current. The following figure shows the waveform for an
external C-phase-to-ground fault.

L]
IAW1

[a]
IBW1

< =
1BW2 ICW:

IAW1 IBW1 ICW1

IAW2 IBW2 ICW2

25 5.0 7.5 10.0 12.5 15.0
Cycles
VIII-b Do we expect the prefault currents on the delta side to
lead or lag the currents on the wye side?

The example states that it is a Dyl transformer. This
standard means that the delta side leads the wye side by
(1 + 30) = 30 degrees for the prefault balanced phasors.



VII-¢ The transformer is connected to the system as shown
in Fig. 11. Does this change the current lead/lag
relationship we expect to see across the transformer? If

so, how?
C
>—>A
B H1 X1
C—u ‘.———————— C
H2 X2
B | | ¥ b
H3 X3
A Y | | a
X0
|t al
HICWA Icw2!
: H
1 1BW1 IBW2}
1 1
: ’\/—| |—’\/ :
HAW1 IAW2!
v v
L ]
Fig. 11. Transformer phase-to-bushing connections

The standard assumption that a Dyl transformer delta side
leads the wye side by 30 degrees is only valid when three
conditions are true:

1. The system has an ABC phase rotation.

2. The A-phase on the system goes to H1 and X1 on the
transformer, the B-phase on the system goes to H2 and
X2 on the transformer, and the C-phase on the system
goes to H3 and X3 on the transformer.

3. The A-phase on the system goes to the A-phase on the
relay, the B-phase on the system goes to the B-phase
on the relay, and the C-phase on the system goes to
the C-phase on the relay.

In this case, Condition 2 is not true. This means that the
standard of delta leading wye by 30 degrees is not necessarily
true.

We can easily trace through any transformer connection to
derive the lead/lag relationship between currents on either
side. First, assume current flow through the transformer from
the delta side to the wye side. Knowing that the individual
phase windings of the delta side are magnetically coupled to
the individual windings of the wye side and assuming a
transformer ratio of 1:1, we can conclude that the currents
through them are the same. We can then write KCL equations
to derive the currents on the phases coming into the delta
winding. The derivation of this KCL equation for the delta-
side C-phase current is shown in the following figure.

H1 X1 b .
ib i
H2 —= —> X2
B i | b
H3 X3
A Y a
| |
X0
Howi T Iowal
| v v |
' IBW1 IBW2!
1 1
s I
HIAW1 IAW2 |
Uil T 3

The result shows that the high-side (delta) currents are V3
larger and lag the low-side (wye) currents by 30 degrees. The
positive-sequence currents reflect the same behavior.

VIII-d Draw the phasors for the prefault currents we expect to
see on the system as well as the currents coming into
the relay. Do these match the prefault phasors in the
event?

The prefault current phasors are shown in the following
figure, with Winding 1 being the delta side and Winding 2
being the wye side. The left diagram shows the prefault
currents seen on the system, and the right diagram shows the
prefault currents seen by the relay. Note that the Winding 1
currents are 180 degrees out of phase from the Winding 2
currents when seen by the relay because the CT polarity of
Winding 1 is opposite that of Winding 2.

ICWA1 IAW1  ICW2 IBW1

ICwW2
IAW2

IAW2 B2

IBW1 IBW2 IAW1

ICW1



The phasors seen by the relay match the event, as shown in
the following figure.

270

VIlI-e Draw the phasors that we expect to see on the system
as well as the phasors coming into the relay during the
fault. Does this match what the event shows?

Working from right to left, we can trace the fault through
the transformer in a way similar to what we did with the
prefault currents. This is shown in the following figure,
assuming load is negligible on the unfaulted phases and the
transformer ratio is 1:1.

Ie I b |
H1 > X1 F
C———n C
0 0 0
- H2 = X2 —
B ¥ b
I | 0 | 0
- H3 —= X3 —
A ¥ | | ¥ a
X0
Ie :rl'c'vﬁ""""""l'c'v'v'z’: e
| v vV
' IBWA1 BW2!
1 1
i R o
L AT IAW21
1 1
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The phasors in the event, shown in the following figure,
match what we expect to see. [AW1 and ICW1 are equal in
magnitude and 180 degrees out of phase. ICW1 and ICW2 are
also 180 degrees out of phase.

a0

135 45

180 I

225 315

270

VIII-f Look at the symmetrical components in the event.
Derive these phasors by drawing the sequence network
of the fault.

The sequence current phasors during the fault are shown in
the following figure. Note that we must select a C-phase base
when viewing the sequence phasors because this is a C-phase-
to-ground fault.




The following figure shows the sequence network diagram
for this fault, with the flags marking the CT locations.
Because this is a phase-to-ground fault, all three sequence
networks are connected in series. From this diagram, we
notice that there is no zero-sequence current flowing through
the CT on the delta side. This is why there is no zero-sequence
current phasor for Winding 1 in the previous figure.

Ny
|
\>1Y Zr1
N2
l2y
L» Z1p
No
e, 4
Z1q v

The phase currents used by the 87 elements in the relay are
a combination of positive-, negative-, and zero-sequence
currents. If the relay has wye CTs, we must remove the zero-
sequence current from Winding 2 inside the relay because the
zero-sequence current is removed from Winding 1 due to the
delta connection of the transformer. If we use a delta CT on
the Winding 2 side, this would have the same effect. A
restricted earth fault (REF) element or ground relay on the X0
bushing can be used in order to detect sensitive ground faults
on the wye side of the transformer.

It is important to note that this network represents a phase-
to-ground fault on the wye side of the transformer. This means
we need to solve for the sequence currents going through the
wye side first and then apply a delta transformation to solve
for the currents going through the delta side.

Because this is a C-phase-to-ground fault, we need to use a
C-phase base, so our transformation equation becomes (with
an ABC system phase rotation):

Loy 1 by
Ly :51 a o |[Iy
Ly 1 o a | Isy
1
Loy :E(ICY +1lay +IBY)
Ly =Igy =0
1
IOY _EICY
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This solves for the sequence currents on the wye side of the
transformer. In the first figure in this answer, we can see that
all three sequence phasors on the wye side (Winding 2) are
equal in magnitude and phase, which is expected from the
equations we derived. We can also see that the magnitude of
the sequence phasors is about 1/3 that of the C-phase current
on Winding 2.

Earlier, we derived that the currents on the delta side of the
transformer are going to be /3 greater in magnitude and
lagging the wye-side currents by 30 degrees in the positive
sequence (leading by 30 degrees in the negative sequence).
This is represented in the following figure by taking the
currents through the networks and transforming them through
a CT that applies the appropriate magnitude increase and
angle shift. The sequence currents seen on the delta side are
after the CT transformation.

Ny

\3£-30°
Q\L F Zr
o
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The sequence phasors that we expect to see on the system
are shown in the following figure. Notice that I;s is +/3
greater in magnitude and lags I;y by 30 degrees, while I is
3 greater in magnitude and leads Ly by 30 degrees. Due to
the CT polarity, we rotate the delta currents on the system by
180 degrees to see what the relay sees.

l,, Relay l,, System

lov

l,, Relay l,, System

This matches the sequence phasors from the event, as
shown in the first figure in this answer. Note that in the event,
the delta currents are not /3 greater in magnitude than the
wye currents, as we expect. This is because the /3 difference
is based on an assumed transformer turns ratio of 1:1. The
transformer turns ratio is calculated as:

13.2kV

n :L: 0.0662
115 kV



We can now expect the delta currents to be n+/3 greater
than the wye currents, or 0.1147 times greater. It is also
important to note that this relationship is true for amperes
primary, so we need to convert the amperes secondary given
in the event to amperes primary.

For example, we expect ;4 to be 0.1147 multiplied by I,y
in amperes primary. The event report shows [;ja = 1.3 A
secondary and I;y = 2.0 A secondary during the fault.
Multiplying each winding current by its CT ratio (40:1 for the
delta winding and 240:1 for the wye winding), we obtain
[,a=52 A primary and I;y = 480 A primary. I;y (480 A)
multiplied by 0.1147 gives approximately I;4 (52 A).

VIII-g Using the sequence components, work backwards to
derive the phase fault currents on the delta and wye
sides of the transformer.

Because we are using the C-phase as a base, our
transformation equation is as follows:

I 11110
I, [=]1 o o]

Iy 1 a ol
I =1, +1, +1,
I, =1, +o’[, +al,
Iy =1, +al, +a’l,

These computations can be done mathematically or
graphically. The graphical method is shown here. For the wye
currents, we first draw the sequence phasors shifted by o and
o’ that we will need, as shown in the following figure.

aly aly
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/
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2 2
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We then apply the transformations, as shown in the
following figure.

_ _ 2 _ _ 2 _
loy =loy +hy +loy lay =loy +a%ly +alyy, =0 lgy =loy +aly +aly, =0

| I 2
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2
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For the delta currents, we first draw the sequence phasors
shifted by o and o’ that we will need, as shown in the
following figure.
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We then apply the transformations, as shown in the
following figure.

0 0 0

— — 2 _ 2 _
lea *)d +liy s Ia *)4 +olyy +aly, lss _)4 +aly +a’ly, =0
|
o

ol
28 b 2l 24 al o2
1A 1A 20
IC A IA'\

Combining the results of the phase currents on the delta
side and wye side, we get the phasors shown in the following
figure. This matches the phase currents during the event, as
shown in the last figure in the answer to Question VIII-e.

IX. EXAMPLE 8: TRANSFORMER PHASE-TO-PHASE FAULT

This example shows how to derive the phase shift,
symmetrical components, and fault currents across a delta-wye
transformer. The event report titled Example 8.txt was
generated after a current differential relay protecting a delta-
wye transformer tripped, as shown in Fig. 12. The
misoperation of the relay is not the focus of this exercise.

Ot—F—h
A
W2-W1

Fig. 12. Transformer current differential relay protecting a delta-wye
transformer

IX-a  What type of fault is this? Assuming a radial system,
is the fault internal or external to the zone of

protection?

It is a B-phase-to-C-phase fault on the wye side of the
transformer. The fault is external because both relay CTs see
fault current.
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IX-b  The transformer is connected to the system as shown
in Fig. 13. Do we expect the currents on the delta side
to lead or lag the currents on the wye side?

c
>—>A
B
H1 X1
A— = re—————————— 3
H3 X3
C | | ¥ c
H2 X2
B | | Y b
X0
|t hl
' IAW2 IAW1!
Y v
1lcw2 ICW1,
1 1
; ’\/—| |—’\/ :
| IBW2 IBW1!
v v
L ]
Fig. 13. Transformer phase-to-bushing connections

We can easily trace through any transformer connection to
derive the lead/lag relationship between currents on either
side. First, assume current flow through the transformer from
the delta to the wye side. Knowing that the individual phase
windings of the delta side are magnetically coupled to the
individual windings of the wye side and assuming a
transformer ratio of 1:1, we can conclude that the currents
through them are the same. We can then write KCL equations
to derive the currents on the phases coming into the delta
winding. The derivation of this KCL equation for the delta-
side C-phase current is shown in the following figure.
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The result shows that the Winding 2 (delta) currents lag the
Winding 1 (wye) currents by 30 degrees.

[X-c  Draw the phasors for the prefault currents expected on
the system as well as the phasors coming into the

relay.

The prefault current phasors are shown in the following
figure, with Winding 1 being the wye side and Winding 2
being the delta side. The left diagram shows the prefault
current seen on the system, and the right diagram shows the
prefault currents seen by the relay. Note that the Winding 2
currents are 180 degrees out of phase from the Winding 1
currents when seen by the relay because the CT polarity of
Winding 2 is opposite that of Winding 1.

ICwW2 IAW2  ICw1 IBW2

ICWA1 IAWA

IAW1
IBW1

IBW2 IBW1 IAW2 ICW2

IX-d Draw the phasors expected on the system as well as
coming into the relay during the fault. Does this match
what the event shows?

Working from right to left, we can trace the fault through
the transformer in a way similar to what we did with the
prefault currents. This is shown in the following figure,
assuming load is negligible on the unfaulted phases and the
transformer ratio is 1:1.
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The phasors in the event, shown in the following figure,
match what we expect to see. IBW1 is 180 degrees out of
phase with ICW1, and IAW2 and IBW?2 are in phase. ICW2 is
180 degrees out of phase with and twice the magnitude of
IAW2 and IBW2.

Look at the sequence phasors in the event. Derive
these phasors by drawing the sequence network of the
fault.

The sequence current phasors during the fault are shown in
the following figure. Note that we must select an A-phase base
when viewing the sequence phasors because this is a B-phase-
to-C-phase fault.

270

The following figure shows the sequence network diagram
for this fault, with the flags marking the locations of the CTs
on either side of the transformer. Because this is a phase-to-
phase fault, the positive- and negative-sequence networks are
connected in parallel.

21

I
L» \3230° Z1z

It is important to note that this network represents a phase-
to-phase fault on the wye side of the transformer. This means
we need to solve for the sequence currents going through the
wye side first and then apply a delta transformation to solve
for the currents going through the delta side.

Because this is a B-phase-to-C-phase fault, we need to use
an A-phase base, so our transformation equation becomes:

Loy | 11 Uy
Ly |=3|1 « o’ || Iy
Ly 1 o o |y

%(oc — oIy = %(\/ilBY@o)

Ly :%((xZIBY +(xICY)=%(OtzIBy _OLIBY):

| 1
g(a — ) Iy = g(x/ngYL—%)
Ly =Ly

This solves for the sequence currents on the wye side of the
transformer. In the first figure in this answer, we can see that
the positive- and negative-sequence phasors on the wye side
(Winding 1) are equal in magnitude and 180 degrees out of
phase, which is expected from the equations we derived. We
can also see that the positive-sequence phasor is about /3 /3

times higher than the B-phase current on the wye side and
leading by 90 degrees. Likewise, the negative-sequence
phasor is about /3 /3 times higher than the B-phase current

on the wye side and lagging by 90 degrees.



Earlier, we derived that the currents on the delta side of the
transformer are going to be /3 greater in magnitude and
lagging the wye-side currents by 30 degrees in the positive
sequence (leading by 30 degrees in the negative sequence).
We represented this in the previous figure by taking the
currents through the networks and transforming them through
a CT that applies the appropriate magnitude increase and
angle shift. The sequence currents seen on the delta side are
after the CT transformation.

We can then draw the sequence phasors that we expect to
see on the system, as shown in the following figure. Notice
that I is \/3 greater in magnitude and lags I,y by 30 degrees,
while La is \B greater in magnitude and leads I,y by
30 degrees. Due to CT polarity, we rotate the delta currents on
the system by 180 degrees to see what the relay sees.
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This matches the sequence phasors from the event, as
shown in the first figure in this answer. Note that in the event,
the delta currents are not /3 greater in magnitude than the
wye currents, as we expect. This is because the /3 difference
is based on an assumed transformer turns ratio of 1:1. See
Example 7 for an explanation of how the transformer turns
ratio affects the current magnitude relationship between the
wye and delta sides.

IX-f Using the sequence components, work backwards to
derive the phase fault currents on the delta and wye
sides of the transformer.

Because we are using the A-phase as a base, our
transformation equation is as follows:

I, 1 1 1 I,
I |=[1 & al]
I 1 o o |k

I, =1,+1,+1,
I =1, +a’l, +al,
Io =1, +al, +a’l,

These computations can be done mathematically or
graphically. The graphical method is shown here. For the wye
currents, we first draw the sequence phasors shifted by o and
o that we will need, as shown in the following figure.
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We then apply the transformations, as shown in the
following figure.
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For the delta currents, we first draw the sequence phasors
shifted by a and o that we will need, as shown in the
following figure.
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We then apply the transformations, as shown in the
following figure.
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Combining the results of the phase currents on the delta
and wye sides, we get the phasors shown in the following
figure. This matches the phase currents during the event, as
shown in the second figure in the answer to Question 1X-d.
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