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Polarization Fundamentals

Walter A. Elmore Elmo Price

Introduction
This paper presents a tutorial on polarization and shows some examples of related application
problems.

Polarization

Polarizing is a term used in relaying to describe the process of selecting some reference phasor,
with which other phasors may be compared to determine forward or reverse fault direction. For
example, a current may be compared in phase relationship with a voltage or with another current.
The reference phasor is chosen to have a predictable relationship to current flowing to a fault,
irrespective of the location of the fault.

For applications in fault detecting, the directional unit is chosen to have its maximum sensitivity
for fault conditions. For example, for phase faults, the current will lag its unity power-factor
position by the natural power-factor angle of the impedance that limits the fault current. Figure 1
shows a typical fault case. The relay connections to the instrument transformers must be chosen
so that it will operate correctly for faults in the desired direction and refrain from operating for
faults in the opposite direction.
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Figure 1 Fault Relationship Between Voltage and Current

Phase Directional Relays

In a classical 1950 AIEE paper, W. K. Sonnemann examined a wide variety of system
configurations in an effort to identify the optimum characteristics for a phase directional relay.
While Figure 1 describes the relationship between the driving voltage and the resulting current, it
may not be representative of the actual quantities applied to a particular relay at some point
remote from the fault.
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Figure 2. Systems Studied

His study was quite exhaustive. Some of the system configurations he examined are shown in
Figure 2. An immense number of combinations are inherent in these configurations when all
variations of: total Zo / Z, Zos / Z;s, line impedance angles, source impedance angles, 10



different fault types, different locations of zero sequence sources, and all magnitudes of fault
impedances. Further, it was necessary to consider four possible connections of relays to the
system: 90°, 30°, and two possible 60°connections. The preferred method of identifying the
connection is the angle by which the relay current leads the relay voltage with unity power-factor
current flowing on the power system in the trip direction. For example, a 90° connection is one
in which the relay current leads the relay voltage by 90°. Figure 3 shows the phasors and the
combinations used in the three relays for detecting all multi-phase faults.
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Figure 3. Phasors and Quantities Used

Finally, since all of the considerations above relate to the quantities applied to the directional
relay, it was, then necessary to choose the character of the measuring unit itself. All possible
combinations needed to be considered. The study concluded that the preferred system connection
is 90° and the best all-around relay characteristic was for it to have a 45°maximum sensitivity
angle. Later study showed that a 30° characteristic would be better, in some extreme cases, than
the 45° design. The 90° connection and the 30° design were chosen and remain as the hallmark
choice. An example of the phase relationships for forward and reverse 3-phase faults is shown in
Figure 4.
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Figure 4. Phasors for Three-phase Faults



Figure 5 is a similar description using one combination of the three possible phase-to-phase
faults. The particular fault chosen is phase-A-to-phase-B. Note that the current is identical in
magnitude in phases A and B and are 180° apart for both the forward and reverse cases. The A
and B currents exchange places as the fault is changed from forward to reverse. In a real case, the
fault currents through the relay would probably be quite different in magnitude and possibly
phase angle, depending on the load current. The zero torque line is shown in Figure S for phase-
A. Phase-A current phasors falling on the shaded side of this line produce operation, and phasors
falling on the other side produce restraint.

FORWARD A-B FAULT REVERSE A-B FAULT
60 DEGREE LAG 60 DEGREE LAG
AR o A
/

ALL UNITS
RESTRAIN

Figure 5. Forward and Reverse Phase-to-Phase Faults

Ground Directional Relays

Ground directional relays could also be polarized using phase quantities, but it would be wasteful
of hardware and/or software since three phases are involved. A single measurement is adequate
for all types of ground faults, and a single polarizing source may be suitable, not only for the
relays on a particular line, but for an entire station.

There are three widely used polarizing sources for ground relays: zero-sequence voltage, zero-
sequence current and negative sequence voltage. Each is able to qualify by having a clearly
predictable direction when there is current flowing to a fault (irrespective of the fault location).

It is useful to consider the completely generalized symmetrical component network connections
for a line-to-ground fault. By observing figure 6, it is obvious that zero and negative-sequence
current flow up the neutral in their particular network when there is current flowing to the fault.
This applies for any type of ground fault: AG, BG, CG, ABG, BCG or CAG, though Figure 6
applies specifically only to a phase-to-ground fault.

It should, also, be obvious from Figure 6 that the negative and zero sequence voltages at the
relay location are equal to the source voltage drops. For example, Va2 is Iazs Z2s in magnitude.
This product is the voltage drop from neutral to the relay location. Since V4, is the voltage drop



from the line terminal to neutral, -V is the quantity that Ix,s lags by the natural power factor
angle of the source. This can be seen in Figure 7.
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Figure 6. Sequence Network Connection for a Phase A-to-ground Fault
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Similarly, the zero sequence current will lag -V by the angle of the source impedance. In
general, each of these angles will be between 60° and 90°.

If the maximum sensitivity angle of the relay differs from the source angle, this is not critical
unless there are mitigating circumstances such as a high impedance-grounding resistor at the
source. The effective current level is related to the cosine of the angle between the actual current
and the current at the optimum phase angle. For example, if 60° lag is the maximum sensitivity
angle, currents at 30° or 90° lag will have an equal effect because they are each 30° from the
optimum phase angle . It will be as if they had a magnitude lower than their actual magnitude.
The effective magnitude will be I cos 0, and for the 30° difference, this will be 0.866 I. The
current would appear to be lower than its actual magnitude by 13.4%. This can be seen in Figure
8 below.

Figure 8. Effectiveness of Current at Different Angles

In this figure, Vp is the polarizing voltage, and Iyax is current at the maximum sensitivity angle.
The effective magnitude of any I is the projection of that I onto the Imax. Similar plots could be
made for current polarized directional units, in which case, the projection concept would apply
for the particular phasor position of the Ipmax .

This, again, is not a critical consideration in the application of directional units unless the
operating energy is quite small. A typical microprocessor relay requires approximately

2 volt-amperes for proper directional sensing. An electromechanical relay requires 2 to 4 VA for
operation, but its speed is much more dependent on energy level.

Relay Sequence Voltage

Using zero sequence or negative sequence voltage for polarizing, the maximum voltage can be
estimated from Figure 9. It is seen that the nature of the fault dictates the voltage that is available
in the two networks. The maximum zero and negative sequence voltages appear at the fault
point. This is not surprising because the fault is the source of these voltages. Letting Zy, Z;, and
Z, be the total impedance looking from the fault into each of the three networks, and assuming
Z,=7,, then:

Z
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V= _ 4 for a phase-to-ground fault.
Zy+2Z,

Putting this in a more useful form:

Z,/Z .
Vg =—2 "1 _ perunit, and
077 2 42 P
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V =————— perunit.
m"Z 2 +2 P

o/ 1

From this, the levels of these quantities at the fault can be estimated, knowing only the ratio of
the system impedances without knowing their actual values. On a typical well-grounded system,
this ratio will be three or less. Vo will, then be 60 % or less of rated voltage and V, will be 20 %

or more.
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Figure 9. Phase-to-ground Fault Connections
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Figure 9 also shows, at the right, the connection for a phase-to-phase-to-ground fault. At the fault
the positive, negative and zero sequence voltages are identical. Their value is:
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Figure 10 shows how the magnitude of the sequence voltages vary with the fault type and the
Zo/Z, ratio as viewed from the fault point. From this standpoint, V, would clearly be the
preferred choice as a polarizing source for systems with a ratio less than 1. Similarly, for systems
having a higher ratio, Vo would be preferred, if this were the only consideration.
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Figure 10. Vo and V3 at the Fault vs. Zy/Z Ratio

Going back to Figure 6, it can be seen that the voltage at the fault is not the same as the voltage
at the relay. Also the voltage drops in the line for negative-sequence current and for zero-
sequence current are quite different. Zero sequence line impedance is roughly three times that of
negative sequence.

If the system is homogeneous, that is, if the ratios of source to line impedances are similar in the
zero and negative sequence networks then the ratios of voltages at the relay will be the same as at
the fault. Clearly, then, from the standpoint of energy level, if voltage is to be used to polarize
the ground relays, zero sequence polarizing is superior.

Where the system is not homogeneous, a comparison of the relative zero and negative sequence
voltages still can be estimated easily. See Figure 6.



Vaor = Vaor — TaorZg

This can be written as: Vior = Vaoe| 1- _n_Z&__
Zy +nZy
Z
then, V.. =V, | —=0
AOR AOF ZOS + nZOLJ
and, Var = Vaor ——1—
1+nZy [/Z

where VR = zero- sequence voltage at the relay (per-unit)
Vaor = zero- sequence voltage at the fault (per-unit)
nZo. = zero- sequence line impedance from the fault to the relay
Zys = zero- sequence source impedance

Similarly: Vi = Vazr —LarZy
. . . nZ
This can be written as : Vg = Vae| 1 - —2—
- Z,s+nZy
then, Vior = Vaor __225_
- N\ Zy+nZ,
and, Vor = Var _
1+nZ,, /Z,

where Va2r = negative-sequence voltage at the relay (per-unit)
Vaz2r = negative-sequence voltage at the fault (per-unit)
nZ,;, = negative-sequence line impedance to the fault
Z,s = negative-sequence source impedance

Finally, taking the ratio of these two quantities, and substituting: Z;=Z, ( the total sequence
network impedances as viewed from the fault point) and for the ®G fault, Vaor/ Vazr = Zo/ Z3,
we get:

<

AOR 25 1+nZ, /Z;s ( ®G)
Vaw  Z,(1+0Zy [Z



This is a completely generalized expression and can be used to evaluate the relative levels of the
polarizing voltages that will be available at the relay for a line-to-ground fault at any point along
the line. For phase-to-phase-to-ground faults, the generalized equation is:

Vpor =[1+ nZ, /Zs ] (DDG )

Var 1+nZ, / Zys

Note that these two equations apply, irrespective of what system components exist to the right of
the fault point and irrespective of the relative sequence-current distribution factors. Those other
system components will, of course, influence the total Zy and Z, values, but their ratio will not

vary greatly.

From these two expressions above, it can be seen for long line applications that polarizing
voltage level, as a criterion, may favor negative-sequence voltage polarizing, because Zg. always
greatly exceeds Z,.. Also, Z;s often exceeds Zos , further slanting the advantage toward negative
sequence voltage polarizing for long line applications.

For short-line applications, the ratio of the sequence voltages at the relay will be more nearly that
which exists at the fault, thus favoring the use of zero-sequence voltage polarizing.

Current Polarizing

Zero or negative-sequence current is also used for polarizing ground relays. Observing figure 6,
it would seem that currents such as I52s and I59s would always flow in the direction shown in the
figure at the instant of time at which current is flowing to the fault. That is true for negative
sequence current where no other influences exist than those shown in the figure. For zero
sequence, however, there may be mitigating circumstances, such as the presence of significant
mutual impedance to other lines (at the same voltage level or to underbuilt distribution circuits),
or to unfavorable impedance relationships in three-winding transformers (producing an apparent
negative reactance in one branch of the equivalent diagram).

Mutual Problems

Either zero-sequence voltage or current is useful for ground directional relay polarizing, but with
significant zero-sequence mutual impedance to an adjacent circuit, it is possible for incorrect
directional sensing to occur. Figure 11 describes the mutual effect.

Zero-sequence current flowing in an adjacent circuit will induce a voltage in the circuit of
interest. The direction of the induced voltage is as shown by the plus and minus symbols. It will
cause current to flow from negative to positive if there is a path for such current to flow. In
Figure 11, with delta-wye transformers at each end, there is a low impedance path for such
current.

10
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Figure 11. Zero Sequence Mutual Effect

Directional elements at both ends of the lower line would operate. Polarizing current at the right
would be up the neutral, for the instant chosen, and operating current would be flowing toward
the line. Polarizing current at the left would flow down the neutral as current flowed away from
the line. In a system as simple as the one shown, no directional ground relays would be required,
but for more complicated systems between the dotted lines, directional units would be needed,
and would behave as described. For any type of directional comparison pilot relaying system,
this phenomenon can cause incorrect identification of a non-existent fault on the lower line.

Negative-sequence directional units are not susceptible to this incorrect action because negative
sequence mutual impedance is not of any significant magnitude. The fact that there is any
negative-sequence mutual at all is due to dissimilar physical spacing between the conductors of
one circuit and those of the other, making the mutual impedance between various phases
somewhat different. These same differences, of course, also exist for zero-sequence, but a more
important factor is that the sum of any three negative-sequence phase currents is always zero,
while the sum of the three zero-sequence currents associated with any circuit is 3Io.

In a case studied by J. L. Blackburn and described in a paper he wrote for Texas A&M in 1974,
this zero-sequence mutual effect actually caused a zero-sequence polarizing current reversal,
even though the two system segments were conductively interconnected. The system is described
in Figure 12.

11
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With a phase-to-ground fault at the location shown, a substantial zero-sequence current flows in
the upper two lines. If the mutually induced voltage in the lower line is sufficiently high, the
current in the line will be as shown by the dotted arrow. With polarizing current at the left
flowing up the neutral and the current in the line forced to flow left to right, the directional unit
will incorrectly interpret this to be a forward fault. Similarly, the relay at the right, on the lower
line, with current flowing out of the protected line and down the neutral of the transformer,
would also identify this as a forward fault.

A directional comparison pilot relaying scheme, of any type, would incorrectly trip both ends at
high speed. No similar problem exists where a negative-sequence directional unit is used.

Effect of Three-winding Transformers

Three-winding ( wye-delta-wye) transformers and autotransformers with delta tertiaries often
have the objectionable quality of manifesting a negative branch in their equivalent circuit. This is
not caused by a real negative reactance, but by a set of reactances that give the appearance of a
negative branch. Calculations can be made and estimates of performance obtained using this
negative reactance which are perfectly valid.

Three-winding transformer impedances are determined by testing two windings at a time.

For example, to find the impedance from the high voltage to the low voltage winding, the
medium-voltage winding is opened. A voltage is applied to the low-voltage winding of sufficient
magnitude to produce rated current in the winding having the lowest kva rating of the two. This
voltage as a per-unit of the low-voltage rating is the per-unit impedance high to low (on the kva
base associated with the lowest rating of the two windings). Similar measurements are made to
determine the high-to-medium and the medium-to-low per-unit impedances. All impedances
must then be put on the same kva base.

12



These may be written as:

Zy=Zy+7Z, Zy =12 (ZuL+ Zum- ZmL )
Im=2Zm+7ZL which may be solved to give =12 (ZmL+Zym-ZyL )
Zum=2Zy+2Zwm Zy =112 (ZyL +ZmL - Zum )

All of the measured impedances on the left above will be positive. As a result of the negative
sign in the equations on the right and the relative values of the impedances, one of the leg
impedances will, very likely, be negative. With the usual physical configuration

(from the transformer core; low-voltage winding first, medium next then the high-voltage
winding at the farthest distance from the core), Zy; will be the largest of the three leakage
reactance values, causing Zy to be negative.

Ko, in Figure 13, represents the per-unit current that flows in the Zy leg with 1.0 unit of current
flowing to the point of discontinuity ( for example a ground fault) on the high-voltage system.
This distribution factor is very important in identifying whether or not neutral current in the
transformer is a reliable polarizing quantity. Zos is the source impedance for the medium-voltage
system. Consider figure 14. With one per-unit current flowing in the high-voltage winding, for a
ground fault on the high-voltage system, Ko per-unit current flows in the medium-voltage system.
Translating that to amperes, with one ampere in the high-voltage winding, there will be Ko Vy
/Vyv amperes in the medium-voltage system.

Negative

O

Figure 13. Zero-Sequence Diagram With Three-Winding Transformer

13
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We reach the very important conclusion, that the common neutral of a wye-delta-wye three-
winding transformer or the neutral of a wye-wye autotransformer with a delta tertiary will
supply a reliable polarizing current only if Ko Vy / Vyu is less than one. If it were more than
one, the direction of the polarizing current to the relay would be in the opposite direction to that
shown in figure 14. This is unacceptable because this current is always up the neutral when there
is current flow to a ground fault on the lower voltage wye system.

The delta of such a transformer is virtually always a reliable polarizing source. The only
qualification is that the net impedance to the medium-voltage system is positive.

If Zos + Zy were negative, neither the neutral nor the current inside the delta would be suitable as
a polarizing source.

Unsuitable Polarizing Sources

Many circuits give the appearance of having potential as a possible polarizing source, but for one
reason or another they are unsuitable. Figure 15 describes some of these and in the column at
right, points out the reason for their unsuitability. Unless a transformer has compensating
ampere-turns on the secondary to match the primary ampere turns, the transformer will manifest
its magnetizing impedance and appear to be virtually open-circuited.

14
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Problems

As shown, the principles of polarization are quite simple and have been widely used in
directional relays to determine reliably the fault direction providing secure and dependable
operation. There are, however, occasional problems resulting, not from polarizing principle
shortcomings, but from some power system peculiarity, poor current transformer performance or
mis-application. This write-up describes some basic problems associated with directional relay

use.

False Residual

Relay zero-sequence current that is not matched by zero-sequence current on the primary system
is described as "false" zero-sequence or residual current. It can be generated in several ways.
Saturating current transformers and unbalanced burdens are two prominent causes of false
residual current. "False" residual is no less important than real residual which is undesirably
created on the power system by some phenomenon, for which the ground relays were not
installed to detect. Some of these are: sequential pole action of circuit breakers or disconnects,
adjacent circuit ground faults, and unequal phase impedances in the presence of phase faults.

Saturating Current Transformers

Figure 16 describes a case in which a phase-to-phase fault on the power system (which, in itself,
produces no zero-sequence current) does, as a result of unequal current transformer saturation,
produce zero-sequence current in the relay in the amount of ICE -IBE, the difference of the error
currents. For a directional ground relay, the absence of a polarizing quantity, in this case,
provides the necessary security, but if this were a phase-to-phase-to-ground fault, a polarizing
quantity would be present, and this error current might confuse directionality.

Note here that a false negative-sequence current is also produced by the unequal saturation of the
ct's, but would be unlikely to modify appreciably, the significant negative-sequence current that
exists as a result of the phase-to-phase fault itself.

Unbalanced Burdens

In Figure 16(b), it can be seen that different values of the individual impedances, Z®, will cause,
for a balanced 3® fault, for example, current flow through ZG. Though this is an extraneous
zero-sequence current, there is, on the power system, no coincident polarizing voltage or current,
and the relay remains secure.

16
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Sequential Pole Action

Circuit breakers may trip, in response to trip coil energization, with as much as a half-cycle
difference between the first and last poles to clear. It is obvious, then, that in clearing a three-
phase fault, there may be a burst of zero-sequence current for a half-cycle or more, even though

the fault itself produces no zero-sequence current.

Figure 17 describes the conditions with a three-phase fault on a parallel line, As the fault is
detected and tripping is initiated, it is assumed that one pole of the circuit-breaker opens first.
When it does, zero and negative-sequence currents flow as indicated. Directional units on the
faulted line respond as if there were an external fault. However, 3-pole tripping is already
committed on this line, and no disruptive effects take place.

On the other hand, the directional ground relays on the unfaulted line see the short-term impact
of the sequential pole tripping as if there were a ground fault on the lower line. If the pole
disparity is too large, and the relays are fast enough, false tripping can occur.

¢ 0 O 3 o) o_—él
f - |
Io_" Io_’
|2"_> |2'_>

—>
—>

lo
I,

Figure 17. Effect of Sequential Clearing of 3® Faults on Adjacent Line

Another common problem that results from sequential pole action is switching tapped loads on a
transmission line with manual or motor-operated disconnects. In this case as shown on Figure 18
the load current or current flowing from terminal to terminal is being interrupted. The
unbalanced interruption produces zero sequence current (if the 10ad is grounded) and negative
sequence current during the interruption process that is proportional to the interrupted current.
Also, the interruption time can be quite significant compared to the relay operating time. This
may affect both pilot schemes and directional ground zero and negative sequence overcurrent
unit operations.

18



Figure 18. Effect of Tapped Load Switching
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Figure 19. Mutual Coupling
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Mutual Coupling

Consider the system described in Figure 19. A phase-to-ground fault occurred on the Station C
to Station D line at approximately 19% of the line length from Station C. Breaker 7 at Station C
tripped and cleared in 5.5 cycles. Breaker 8 at Station D cleared the fault at 12 cycles. During
this 6.5 cycle interval the system configuration was such that fault current was only provided
from the Station D terminal. It was also in this interval that relays at Station A and Station B
controlling breakers 3 and 4 (Line 2) both saw the fault as a forward fault and tripped on ground

overcurrent pilot.

This operation is a classic example of the effects of zero sequence mutual coupling. The effect
can be demonstrated by a simple analysis based on system short circuit data provided by the
utility where the fault occurred. The data used is summarized in Tables 1 and 2.

VO/I0 (zero sequence) Polarizing

Table 1(a) shows the magnitude and angle of the zero sequence voltage and current, as seen by
the relays at Station A protecting Lines #1 and #2, for a single-phase-to-ground fault on the
Station C to Station D line. The breaker at Station C is open to simulate the system
configuration at the time the subject relays operated. The mutual impedances between the lines
as shown in Figure 4 are also included in the system model studied. The fault is applied at 8
locations, 10% to 90% of the line length as measured from Station D. A comparison is made of
the VO and 10 angles to determine fault direction as defined by the relay. A forward fault is
defined where 10 leads VO from 30° to 210° else it is a reverse fault. The resulting direction is
indicated with F for forward and R for reverse.

Table 1(b) shows the magnitude and angle of the zero sequence voltage and current as seen by
the Relays at the Station B protecting Lines #1 and #2 for the same conditions defined above.
Directional analysis is also performed in the same manner. A comparison of the fault directions
as would be seen by the relays on each line for a given fault location shows us that faults located
greater than 40% of the line length from Station D will result in the undesired operation of Line
#2. For example, for a fault at 40% out from Station D, the relay at Station A, Line #2 sees a
forward fault and the relay at Station B on Line #2 sees a reverse fault. This is as expected and
the pilot system will not trip. For a fault at 50% of the line from Station D the relay at Station B
Line #2 changes and sees a forward fault. There is no corresponding directional change at the
Station A relay. This will result in pilot tripping.

Tables 2(a) and 2(b) are similar except without the mutual impedances between the lines. The
results shown are what is typically expected without mutual coupling. What is expected to be
forward is forward and what is expected to be reverse is reverse.

20



Table 1(a). V¢/lp Polarization at Station A, Lines # 1 & 2
[Sliding fault on Station C to Station D line, breaker 7 at Station C open, mutuals to Lines # 1 &2 in]

% Line Station A Line #1 Line #2
from Sta. D | V0 Mag VO Ang I0OMag | I0Ang | D | I0Mag I0Ang | D
10 2177 -40.4 108.2 36.2 F 25.3 120.3 F
20 2058 -43.1 91.8 33.9 F 79.7 54.6 F
30 1901 -44.0 43.4 36.0 F 141.8 45.6 F
40 1798 -44.8 8.8 46.0 F 188.3 43.2 F
50 1727 -45.6 17.9 -154.4 R 224.7 42.0 F
60 1679 -46.4 38.8 -148.0 R 254.5 414 F
70 1645 -47.1 56.2 -147.1 R 279.8 41.0 F
80 1646 -47.6 71.2 -146.4 R 301.8 40.6 F
90 1795 -45.5 70.2 -143.5 R 278.0 40.7 F
Table 1(b). V/Ip Polarization at Station B Lines # 1 & 2
[Sliding fault on Station C to Station D line, breaker 7 at Station C open, mutuals to Lines # 1 &2 in]
% Line Station B Line #1 Line #2
from Sta. D | V0O Mag VO Ang 10 Mag 10Ang | D | 10 Mag I0Ang | D
10 4145 -35.28 108.2 -143.8 R 25.3 -59.7 R
20 2303 -17 91.8 -146.1 R 79.7 -125.4 R
30 1484 1.79 434 -144 R 141.8 -134.4 R
40 1126 30.7 8.8 -134 F 188.3 -136.8 F
50 1131 59.5 17.9 28.6 R 224.7 -138.0 F
60 1318 78.6 38.8 32.0 R 254.5 -138.6 F
70 1553 89.8 56.2 329 R 279.8 -139 F
80 1795 96.9 71.2 33.6 R 301.8 -139.3 F
90 1742 100.8 70.2 36.5 R 278.0 -139.3 F
Table 2(a). V¢/Ip Polarization at Station A, Lines # 1 & 2
[Sliding fault on Station C to Station D line, breaker 7 at Station C open, mutuals to Lines # 1 &2 out]
% Line Station A Line #1 Line #2
from Sta. D | VO Mag VO Ang 10 Mag I0Ang | D | I0Mag I0Ang |[D
20 1599 -35.8 30.3 66.0 F 28.6 65.2 F
50 991 -34.0 18.8 67.9 " F 17.7 67.0 F
80 739 -33.2 13.2 68.5 F 12.5 67.7 F
Table 2(b). V/Ip Polarization at Station B Lines # 1 & 2
[Sliding fault on Station C to Station D line, breaker 7 at Station C open, mutuals to Lines # 1 &2 out]
% Line Station B Line #1 Line #2
fromSta.D | V0 Mag VO Ang 10 Mag I0Ang | D[ I0Mag I0Ang | D
20 3756 -39.9 30.3 -114.0 R 28.6 -114.8 R
50 2327 -38.1 18.8 -112.1 R 17.7 -113.0 R
80 1680 --37.3 13.2 -111.5 R 12.5 -112.3 R
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Unequal Phase Impedances

One of the key tenets of symmetrical-components is that all element impedances are considered

equal in the individual phases, except at the point in the power system at which a shunt or series
discontinuity is being considered. If this is not the case, positive-sequence current flow produces
zero and negative-sequence voltage drops (and similarly for the other combinations.)

Lack of transpositions on long transmission lines causes the phase impedances to be unequal.
Thus a three-phase fault, for example, will generate zero and negative-sequence voltage drops.
This, in turn, causes zero and negative-sequence current flow that may be of sufficient magnitude
to produce undesirable operation of directional ground overcurrent relays. It is reasonable to
attribute the following problem to unequal phase impedances.

Unbalanced Phase Voltages
Directional units based on symmetrical component theory depend on reasonably stable balanced

three phase voltages and that during the fault condition, non-faulted phases are not appreciably
affected. This is essential if we are to rely on zero and negative sequence voltages as polarizing
voltages for ground directional units. During the analysis of directional unit operations for single
phase-to-ground faults unbalances in the non-faulted phases have been observed. The source of
the unbalance is not certain, but is expected to be the result of unbalanced phase impedances and
loading. In some cases of low sensitivity (very remote faults) these unbalanced voltages have
caused a reversal of the polarizing voltage resulting in incorrect directional sensing. This effect

is illustrated in Figure 20.

Figure 20(a) shows the expected phase and sequence voltages for a phase AG fault. 3V and 3V,
are graphically computed using the symmetrical component equations:

3V0=VA+VB+VC
3V, =Va +a’Vg + aVe

Figure 20(b) shows the direction reversal of 3V, where the phase angle between the non-faulted
phases is greater than 120°. Figure 20(c) shows the direction reversal of 3V, where the phase
angle between the non-faulted phases is less than 120°.

This unbalance, although small, introduces enough effect on the “expected" sequence voltage
angle at these small values causing the incorrect directional sensing.
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Figure 20. The Effect of Unbalanced Phase Voltages on Voltage Polarization
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Different Polarization Sources at the Line Terminals

An external fault occurs very remote to a transmission line protected by a Directional
Comparison Blocking Distance Scheme. This is illustrated in Figure 21. The scheme consist of
an electromechanical relay system [K] at Bus F using zero sequence voltage and current for
directional polarizing and a microprocessor based system [M] at Bus H using negative sequence
voltage and current for directional polarizing. Both systems see the remote fault in the forward
direction and undesirably trip the transmission line. The tripping results because of the different
directional polarizing methods used at the line terminals and the fact that the negative and zero
sequence current components are flowing in opposite directions in the protected line giving the
appearance of an internal fault. This occurrence can easily be explained.

Bus F // Bus G
o -

Bus H

Figure 21. Simplified System Showing Relay and Fault Locations

Consider the sequence network with the impedance values as shown in Figure 22. The sequence
networks are connected for a phase-to-ground fault on Line FG. The electromechanical and
microprocessor relays are protecting Line FH. The positive and negative sequence impedances
of Line FG are 2.0 ohms. The zero sequence impedance is 6.0 ohms. To study the problem a
phase-to-ground fault is applied at different points distributed along Line FG from Bus F to Bus
G, and the direction of the negative and zero sequence currents on Line FH is monitored. The
results are shown in Table 3 where m is the per unit length of the line and Igy, and Igyo are the
negative and zero sequence currents (distribution factors) expressed in per unit of Iy.

Table 3. Sequence Currents on Line FH for Different Fault Locations on Line FG

m 0 Jd 702030404505 | 06 | 0.7 | 0.8 |0.835| 09 | 1.0
Irnz |-.196(-.173|-.149|-.125(-.102| - |[-.078|-.055|-.031(-.007| O |.016|.039
Irno {-.078|-.061|-.043|-.026(-.009| O |.009 |.026 |.043|.061| - |.078|.096

The results show that for these networks and impedances that the negative and zero sequence
currents will flow in opposite directions on Line FH for faults between 0.45 and 0.833 p.u. of
Line FG length as measured from Bus F.
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This simple analysis shows the real potential for incorrect pilot tripping for ground faults when
using different polarizing quantities at the line terminal relays. Therefore, the use of the same
polarizing quantities at all line terminals for pilot applications is required.

Tl, =1.0p.u.
Bus F j0.2(m) j0.2(1-m) Bus G
Positive | s N -
Sequence
j0.1
j1.0
Tl, =1.0p.u.
BusF i - Bus G
. j0.2(m) j0.2(1-m)
Negative | N |
Sequence -
jo.1f
TI, =1.0p.u.
Zero Btlns F  jo.6(m) j0.6(1-m) Buis G
25 45
Sequence - — T
j0.1€o 03 jo.3fo
Tl, =1.0p.u.

Figure 22. Sequence Networks for Sequence Coordination Study
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Conclusions

This paper has attempted to describe some of the most important principles involved in the
choice of directional units for line relaying and provide application examples illustrating
polarizing problems.

Phase directional relaying is so firmly established that little thought need be given to choosing a
polarizing quantity or a unit maximum sensitivity angle. The 90° connection and the 30° lead
maximum sensitivity angle (relay current leading relay voltage by 30°) are the preferred choices
and have proven to be entirely satisfactory in the presence of a wide variation of system
influences.

Ground directional relaying requires some analysis related to the power system. The availability
of a dependable zero-sequence current source for polarizing allows sensitive ground fault
identification. If the removal of a transformer or some switching action can cause this polarizing
quantity to become unsuitable, zero-sequence voltage may be evaluated to complement or
replace zero-sequence current polarizing. Unique applications such as resistance grounded
systems warrant additional considerations.

In cases where significant zero-sequence mutual with other circuits is present, neither zero-
sequence current nor zero-sequence voltage is reliable. Zero-sequence current is unsuitable from
the common neutral of a wye-delta-wye transformer (or autotransformer with tertiary) unless Ko
Vu/ Vm is less than 1.0 for ground faults on the high-voltage system. Where the total impedance
from the transformer to the zero-sequence neutral is negative, no conventional zero-sequence
polarizing quantity can be used. Negative sequence voltage polarizing is outstanding in all such
cases. Though the energy level available for relaying purposes may be lower for negative-
sequence than for zero-sequence polarizing in some few cases, energy level is not critical for
modern relays and even for older relays negative sequence is broadly adequate.

Minus Vo or minusV are the proper quantities to be used in zero-sequence and negative-
sequence voltage polarizing respectively.

Application problems are generally the result of impedance unbalances introduced by the system
operation, equipment performance or mis-application of the basic polarizing principals. These
include the effects of false residuals introduced by CT saturation and sequential operations of
breakers and line disconnect switches, unbalanced phase impedances, zero sequence mutual
coupling and the coordination of polarizing techniques. The problems discussed here can be used
as a guide to analyzing problems you may encounter.
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