SYMMETRICAL COMPONENTS REVISITED

Presented by

Walter A. Elmore
Consulting Engineer
ABB Power T&D Company Inc.
Coral Springs, Florida

B8

Presented to:

Twentieth Annual Western Protective Relay Conference

Cavanaugh’s Inn at the Park,
Spokane, WA

October 19-21, 1993



Symmetrical Components Revisited

W.A. Elmore
ABB Power T&D Company Inc.
Coral Springs, Florida

INTRODUCTION

No subject related to protective relaying has been more exhaustively used nor written about than
symmetrical components. Its principal value has been in its analytical power in defining fault re-
lationships and in providing a tool for simplifying complex electrical phenomenon.

Most of those involved in protective relaying have extensive knowledge about the application of
symmetrical components to the usual faults types, but often special cases arise which require
more elaborate analysis. This paper is intended to describe some of the realistic possibilities
which are encountered.

Also, other types of “components” are explored to examine their usefulness in particular circum-
stances.

COMPONENTS

The basic precept for any set of components is that in a 3 phase circuit, the phase voltages (or
currents) can be represented by a set of elements (components) that have a degree of symmetry
about them that allows difficult problems to be solved by simple means. For example, a set of
three voltages on a power system at a given point can be described as:

Vac = Ca1Ve1 +CasVer #CasVes
Vis = Cr1Ver +CaaVer + CaaVes (1)
Vg = CorVer +CeaVer + CoaVes

For those of us in whom symmetrical components are so deeply ingrained, we can recognize Cy)

as 1 and V¢ as Vy; ete. giving the complete set as:

Vac = Yar+Yaz + Vao
11 1]|Va,
2
Vig = 8"V +aV 0+ Vg or a? a 1|V, )
2
2 a a 1|V
Vg = aV +a°V,,+V,, AQ

66y PP

Note that the constant Cpg; is “a?”, Cp, is “a”, Cgg is 1 etc. We recognize “a” as

14120 (or - 05 +ja/3/2) and “a®” as 1£-120 or (- 05 -j/3/2).
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We can choose other useful sets of components to use such as those described by Edith Clarke
in her 2 volume set “Circuit Analysis of AC Power Systems” [1]. The complete set may be described

as:

Vac = Vat Vo
Vg = = 12V + 312V +V, (3)

Veg = =12V =32V +V,

where we recognize C,; to be 1, V¢, to be Va, Cyj to be 0, Vg to be Vg, Cp3 to be 1 and Vg to
be V, etc. These are called a, f and 0 components, but the term Clarke components is preferred
because of the innovative and extensive original work done by Edith Clarke in this area. While
Clarke gives full credit for prior work to W.W. Lewis and E.W. Kimbark, the usefulness of «, B,
and 0 components to the world must be credited to Clarke.

By their nature, balanced generated voltages in a three phase network contain both alpha and
beta components. These voltages must be considered in each of these networks. For a system
containing voltages Vj = Va1, Vg = aZVAl and V¢ = aVpy, it is obvious that the symmetrical com-
ponent networks require only the positive sequence quantity. However, using Clarke components
the generated voltages in the various networks are V,, = Va, Vg = -jV4 and Vg = 0. One area in
which this complication disappears is in any case where Ig and I¢ are equal. The f system in this

case is not active.

Other component systems have been suggested (Wedepohl, Karrenbauer, “natural”) and have
strength in certain areas for analytical work as well as in the preparation of the physical phenom-
enon involved. Karrenbauer is shown by Mansour and Swift [2] to be best for faulted phase se-
lection for a line-to-ground fault while Clarke and Karrenbauer are use ul in identifying all types
of faults.

In the Karrenbauer system of components the generated voltage in the X system is (1/ NONY 2230
and in the Y system is (1/4/3)V A2-30. In the Wedepohl system, the generated voltages are
Vy = (J32)V,£-30 and Vy = (1/2) V,L60.

Another useful application of components was presented by Perz [3]. He described them as the
natural modes 1, 2 and 3, with the express intent of applying them to power line carrier. These
“natural modes” are quite close to Clarke components in character but relate to transmission line
“characteristic impedance” rather than the fundamental 60 or 50 hertz positive and zero se-
quence impedances.

The natural modes are extremely helpful in determining efficiency of coupling of power line car-
rier and the influence of transpositions on the transformation of mode 1 signals which are those
of least attenuation and therefore of most interest. This is only mentioned in passing here, but
the reader is encouraged to examine reference [3] by Perz for more insight to “natural” modes.
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VISUALIZATION

The two systems that are most important for our consideration here are symmetrical componerts
and Clarke components. Figures 1 and 2 should help in the visualization of the meaning of these
components. The “whole” consists of the sum of its parts, and its parts are defined in various ways.
The “whole” in Figure 1 is, for example, phase A current. It is (1)Ia; + (1) Ipg + (1) Ipp. In Figure 2,

phase A current is seen tobe Iy = (1) [ + () I + (1) Io.

Ia1 Iaz Lo I, Ig Ip
1 1 1 1 0 1
A — — — A — —p —
a? a 1 12 V3/2 1
B — — — B — — —
a a? 1 12 -V3/2 1
C —+ nd —¥ C —¥ — —p
I, 111144 Iy 1 0 1|«
Ig| = |a% a 1||Iss Ig| = |-1/2 32 1||Ig
Ic|  |a a?1||lxg Io|  |-1/2 =J3/2 1)1,
Figure 1. Symmetrical Components Figure 2. Clarke Components

Another important means of visualization is through the use of phasor diagrams. Equations (2) state
that 3 phase voltages may be described by using 3 sets of phasors. For symmetrical components,
these are the familiar sets of phasors of Figure 3. Note in this case that currents are being described.
Component voltages may be identified similarly.

Ia1 V)
Igo
y . Ieo
Positive Negative
Iy Ig; Ig; Iez

Zero
Figure 3. Symmetrical Components
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Clarke Components have the appearance of Figure 4.

Iog - iAO
BO

A 1
C0

1 Aﬁ =0
ICB il } o IB{S
Y
IBon
ICa

Figure 4. Clarke Components

Karrenbauer Components are, for example, as shown in Figure 5.

Iao
Igo
Inx Lay Ing
Iex Igy +
Ipx Icy

Figure 5. Karrenbauer Components
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Wedepohl Components may appear as those of Figure 6.

Lix ‘IAY
Iy Ino
\ :
Igy
IBx =0
Icx

Figure 6. Wedepohl Components

The definitions of the various systems of components are shown in figure 7 along with the trans-
formations from components to phase quantities. All of the systems are constituted in such a way
that there is no interaction between components provided the impedances in the three phases
are balanced, with the exception of some point of investigation in the power system where the
phase impedances need not be balanced. Some systems require that the “positive and negative
sequence impedances” be equal. This does not ask too much because they are equal in all ele-
ments of the power system except rotating machinery, and ignoring that difference generally pro-
duces no serious error.

NATURE OF COMPONENTS

Examination of the various components shows that a zero sequence set is present in all of them
described here and are equal in magnitude and angle in each phase. Symmetrical components
are the only set in which each of the components are balanced. All of the other sets described
contain only real coefficients (no j component) whereas the “a” of symmetrical components obvi-

ously contains a reactive component of «+3/2. Each set can be related to all other sets. For ex-

ample:
I, =1+ 14
I[& = -j (IA1 - IAZ)
Iy = Iao
A similar set of equations pertain for the relationship of voltages between sets. Other identities
may be used to relate any of the systems of components to any other. This is described in Figure 8.
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Figure 7 shows the transformations in matrix form for the various sets Ol COMPpONEILS.
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Components
I 9N
Ig Iaz
I I
Symmetrical < A
(Fortescue)
11 1)Ly 1laaZIA
a® a 1]|Lx; 3|1a2 2|/l
a a2 1|1, 11 1]|1e
I, I,
Ig Iﬁ
e I,
Clarke _ -
1 01
15| 2-1 1]
-5 5 I;s 1 A
J— I 310 «/5“'«/—3- Ig
_1 4341 11 1 ]|Ig
PA Iy
LIB Iy
I I
Karrenbauer C 2
11 1]k -1 0]ta
-2 1 1}y 3-10—113
1 -21 Iy 11 1 I
19N Ix
Ig Iy
C Iy
Wedepohl
3 3
- 0 -= I
1 11 IX _1‘ 2 211*A
0 -21||Iy 311, Li'B
-1 1 1|1, ? 1 i Ie

Figure 7. Component Transformations in Matrix form




APPLICATION

These various systems of components exist solely for the purposes of simplifying analysis or
strengthening the reasoning power in describing real phenomenon. The industry has made little
effort to allocate particular power system phenomenon to particular component systems for so-
lution, but, rather, we have almost universally utilized symmetrical components to represent var-
ious system discontinuities. This has the desirable qualities of consistency of attack and ease of
representation, but may generate inefficient solutions.

Some examples of familiar, but seldom used, representations of various discontinuities in power
systems using symmetrical components are shown in Figure 9. The boxes are used to show the
manner in which the particular case being examined, influences the network quantities. P, N and
0 in Figure 9 are the positive, negative and zero sequence terminal points for the respective net-
works. X and Y are points at the two sides of the discontinuity, and n is the neutral of the par-
ticular network with which it is shown. The rest of each of the networks involved are not shown
but would exist in the conventional sense and be connected to X, Y and n as the nature of the
components dictate. Figure 10 shows the interconnections using Clarke components for the
same cases.

Figures 9 and 10 were included, not to make any attempt at completeness of coverage, but to
show a few real-world examples and to point out the possible simplification of analysis that may
be achieved by the use of components other than symmetrical components. For example, the
“open-phase” case requires consideration of all three symmetrical component networks but only
alpha and zero sequence networks when using Clarke components. Favorable cases could also
be pointed out for the other systems of components.

Care must be exercised in using Clarke components. In symmetrical components all of the net-
work impedances are treated as constant, irrespective of the type of discontinuity being consid-
ered. As Figure 10 shows, using Clarke components, some cases dictate that the zero sequence
impedances be doubled, some that they be divided by 2, and some that they be unaltered.
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Symmetrical

Components Clarke Karrenbauer Wedepohl
\ 1/2 (Vg +jVp) Vy2—60+Vy260 | 1/f3Vy£30+Vys-60
A 1/2(V=iVp) Vo 460+ VyZ-60 | 1/3VyL—30+VyL60
Vao Vo v, v,
Va1 +Vas \' Vi +Vy Vi +Vy
—J(Va; = Vao) Vg SB(=Vy+ V) 1/.3V4 -3V
1/3(V 5 £30+V ,,2-30) | 12V -1/(23)V, Vg 1/3Vy +Vy
1/.J3(V 4 £-30+V ,,£30) | 12V, +1/(2.3)V, Vy 2/3Vy
J3/2 (V4 £-30+V,,230) 314 (JBV o+ V) 32Vy Vg
1/2 (V260 +1/2V ,£-60) | 1/4 (V= 3Vp) Vy-1/2Vy Vy
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OPEN 2 OPEN
PHASE PHASES
X Y
A —(0O O— A
B B ——O O——
C C —0O O——
X Y
P lox  yO plax Yo
On On
o x yO x VO
N On N O\O n
O x vyO O x y\O
o o
On On
OPEN & OPEN &
GROUND PHASE FAULT
X Y %y
A O O A —O Q___
B B ®
C c
b 1:1 5 a2:1
O x y O O x y O
n n |
O 1] 0O B +
1 Y1

ai
O x y O]
N S _}

yO

Figure 9. Examples of Discontinuities & Symmetrical Component Representations
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X Y
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—0 O——
_____._O O____._.__
X Y
QO x yO o X y O
On On
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Figure 10. Examples of Discontinuities & Clarke Component Representations



Figure 11 describes an actual case that defied an intuitive approach regarding the behavior of the
ground relay shown at the right side of the diagram on the lower transmission line and ultimately
required the solution of five voltage loop equations. Comparison of Figure 12 and Figure 13 shows
the substantial reduction in mathematical horsepower that is required to find the solution using
Clarke components as a result of the fewer loops. Figure 14 shows the per unit currents at the
open, in the fault and in the 115 k V delta winding. Interestingly zero sequence current flows into
the line at point y, flows across the open and into ground at X with no zero sequence flowing in
the line to the left of X.

Xy =X =.111 Xy =X =.111
1=Xo X, = .256 1=Xo
o Il
AU * =~ _ A
R B
§ Xy = .128 %%‘O
115KV Xo= 408y
M — LYY
| S— — L
Open Open Ciosed 1—
Impedances are per = A
unit on 100 MVA base. GND
E RELAY
A

Figure 11. Difficult Example Requiring Component Solution

Using symmetrical components Figure 10 reduces to:

Zix

et YTV

—(O1__A&y

11

;_

o< 9X

POS

=

Zox

VA 8 Y

Zoy
LYYV

1:1

2'< o X
g

NEG

o3=1

1:1

g_
ZERO

Figure 12. Reduction Using Symmetrical Components
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=
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Using Clarke components Figure 10 reduces to:

Zix
\ — " g ‘ A 4 .
Ziy v Ia 2 I =-Ip
e 4 0 o'
ALPHA
n
1/2 Zox 2y
O o4
X
122y v Iﬁ =0
ZERO Ak —©
n
Figure 13. Reduction Using Clarke Components
At Fault Point AtE
X Y
i !
| |
¢ L ‘-22 7 T TAYA
T T _‘ i
! o927 | Ground relay
b t 4— —a— Y\~ sees 1.854 per
i | i unit amperes
a % _*f\'f\l_
! ¢
3 (.6151 == - c
or 1.854 b ;
<_
1.854 V3 x 927 A5 x s27
[¢]

Figure 14, Phase Currents at Important Points in Figure 11
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CONCLUSION

Much help is available in analytical work through the use of well defined components. Symimet-
rical components have served us well virtually since their description by Dr. C.L. Fortescue in
1918. They are consistently useful and provide highly perceptive insight into what would be oth-
erwise very complicated and fuzzy phenomenon. Some cases requiring analysis may be more di-
rectly approached and some may be more amenable to any solution at all by considering other
components which have been described by thoughtful innovators. It is hoped that this paper has
shed some light on the process.
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