Rebirth of Negative-Sequence
Quantities in Protective Relaying
With Microprocessor-Based Relays

Fernando Calero
Schweitzer Engineering Laboratories, Inc.

Revised edition released November 2008

Previously presented at the
58th Annual Georgia Tech Protective Relaying Conference, April 2004, and
57th Annual Conference for Protective Relay Engineers, March 2004

Originally presented at the
30th Annual Western Protective Relay Conference, October 2003



REBIRTH OF NEGATIVE-SEQUENCE QUANTITIES IN PROTECTIVE
RELAYING WITH MICROPROCESSOR-BASED RELAYS

Fernando Calero
Schweitzer Engineering Laboratories, Inc.
LaPaz, Bolivia

ABSTRACT

This paper focuses on the uses of negative-sequence quantitiesin protective relaying. The
emphasisison numerical relays since they have facilitated the cal culation of symmetrical
components. Negative-sequence quantities (the voltage and current denoted by V2 and 12) are
very useful quantitiesin protective relaying. The simplicity in the calculation of these quantities
in modern numerical relays has reinforced their use in the theory and methods used by current
protective relaying devices.

The paper begins with discussion of some implementations of negative-sequence filtersin older
relays. Nextisabrief review of symmetrical components and an analysis of unbalanced faultsin
power systems. Thisreview leads to a discussion of the characteristics of negative-sequence
guantities and illustrations of how these quantities are used in protective relaying. Because the
discussion generally involves symmetrical component theory, the paper makes references
throughout to the other two symmetrical components (positive-sequence and zero-sequence).

INTRODUCTION

A set of three phasors (for example, phase voltages Va, Vb, and Vc) can be represented by three
sets of components (positive sequence, negative sequence, and zero sequence) such that two of
the component sets (positive and negative) are balanced and the other set (zero) consists of three

equal phasors.
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Figure 1 Positive-Sequence, Negative-Sequence, and Zero-Sequence Components
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Figure 1lillustrates the three sets of phasors. Ideadlly, the positive-sequence set is the only one
present during balanced operation. The presence of negative-sequence and zero-sequence
components indicates unbalanced operation of the power system and power system faults.

All three-phase quantitiesin a power system can be represented by the sum of the symmetrical
components. For example, the phase voltages can be expressed in terms of their symmetrical
components, as shown in Equations (1), (2), and (3).

Va=Vla+V2a+V0a D



Vb=Vib+V2b+V0b (2
Vc=Vic+V2c+V0c ()]

Using the “a” operator (a= %), we can express the phase quantities in terms of the A-phase
components, as shown in the matrix in Equation (4).

val [1 1 17][Voa
Vb|=|1 a* a||Vla (%)
Ve| [1 a a*||V2a

Equations 1, 2, and 3 alow calculation of phase quantities for known symmetrical components.
Solving for the symmetrical components, for known phase quantities, (solving for the inverse of
the matrix in Equation (4)) yields the following expressions:

V0a=1/3(Va+Vb+Vc)
Vla=1/3(Va+aVb+a Vo)
V2a=1/3 (Va+a Vb+aVc)

In the literature, the suffix “a’ is dropped because the A-phase components are the reference, and
the components are denoted by VO, V1, and V2.

SEQUENCE FILTERS IN PROTECTIVE RELAYS

Numerical relays have introduced functions that were previoudy desired but difficult to
implement in earlier technologies. One of these functionsis the calculation of negative-sequence
guantities from measured three-phase voltages and currents. Negative-sequence filtersin
electromechanical and solid-state technol ogies cannot compete for simplicity with the numerica
filters of modern numerical relays. An example of a negative-sequence filter used in
electromechanical relaysisdescribed in Figure 2 [1].

la —» Vf

Figure 2 Negative-Sequence Filter in an Electromechanical Relay

The output of thefilter is avoltage proportiona to the negative-sequence component of the
currents:

Vf=laR + (Ib—Ic)jXm



Xmisamutual reactance, and the choices for R and Xm are such that Xm = R/</3. If we apply
only positive-sequence currents (la, Ib = &la, and Ic = ala), the output of the filter is zero

(Vf = 0). When negative-sequence currents are applied (1a, Ib = ala, and Ic = &la), the output of
the filter has a value proportional to the negative-sequence component (Vf = 2RI2). The output,
VT, isthe input to an electromechanical measuring unit. Because there is no ground return for the
input currents, the filter does not respond to zero-sequence components. Figure 2 isatypical
example of the inventiveness and ingenuity demonstrated by protective relaying designers of
electromechanical units.
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Figure 3 Zero-Sequence Filter

Obtaining zero-sequence quantities has not been a problem because the component (310, for
example) does not require phase shifting by the “a” operator. Figure 3 shows a zero-sequence
filter. The sum of the three currentsis proportional to the zero-sequence component of the set of
phase currents. 1f ameasuring unit required zero-sequence current, it would be fed directly.

Zero-segquence components and negative-sequence components are both measurable indications
of abnormal conditions. However, the complexity of implementing the zero-sequence filter is
substantially less than that of the negative-sequence filter shown in Figure 2. Whileit was
possible to measure and use negative-sequence quantities in electromechanical relays, the
techniques required for the negative-sequence filters were more expensive; zero-sequence
guantities were easier to measure.

Solid-state technology in protective devices brought the advantages of smaller devices and more
functionality per panel space. However, the implementation of filters for negative-sequence
quantitieswas still involved. Circuits based on phase shifts with operational amplifiers, or other
solid-state components, capacitors, and resistors, were used to implement the phase shifts needed

for the“a” operator (a=&').
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Figure 4 Processes for Obtaining the Sequence Quantities in a Numerical Relay

Numerical relays have brought alarge number of well-known advantages and new functions to
protective relaying. One of the hidden benefitsisthe simplicity and accuracy of calculating
symmetrical components from phase quantities. A ssmpler and more understandable
mathematical process takes place in the A/D (analog-to-digital) subsystem and firmware of the



device, as shown in Figure 4. The voltage or current inputs are fed into an anti-aliasing filter to
condition the phase quantities. Numerica protective relays are sampled data systems, so the
sampling block in the figure denotes the capture of instantaneous samples of the phase quantities.
A digital filter based on Fourier techniques cal culates the fundamental component from the
samples captured in the memory of the device. Thisfundamental component is denoted by a
phasor quantity with a magnitude (JM|) and an angle or the real and imaginary components. For
example, the popular Cosine filter (a DFT variation), with a sampling rate of 4 samples-per-cycle,
calculates the phasor in the following way:

Irealy = ¥a (I — la = Iz + 1ia)
limagy = Ireal,;

A sequence filter in anumerical protective relay is a smple mathematical technique that
implements the equations for the symmetrical components, described above, with the
mathematical capabilities of the microprocessor [2].

The procedure is part of the endless loop in the device firmware. It is simpler and more accurate
than the complex circuitry in older technologies. In addition, the powerful mathematical
capabilities of modern processors allow the designer to calculate all of the components per phase
(for example, 12a, 12b, and 12c).

Signal processing, performed in modern numerical relays, allows for the design of relays capable
of equally measuring zero-sequence quantities and negative-sequence quantities without
increasing processor burden or cost. Within the firmware of a numerical relay, it isno more
difficult to calculate negative-sequence components than it is to calcul ate zero-sequence
components.

CLASSICAL SYMMETRICAL COMPONENTS ANALYSIS OF THREE-PHASE SYSTEMS

Using symmetrical components, we can analyze the distribution of currents and voltagesin the
power system during unbalanced conditions [1][3]. Asareview, two brief examplesillustrate the
formulation of the sequence network connection.

The A-to-ground fault in Figure 5 is an example of a“shunt” unbalance in the power system.

Icf=0

\E Ibf = 0 E/
/ a a \

Vaf=0 llaf

Figure 5 A-to-Ground Fault

At the fault location, Vaf = 0. Thisimplies that the A-phase fault-voltage symmetrical
components add to zero, i.e., Vaf = 0=V1f + V2f + VOf. Thefault current symmetrica
components can be found by noticing that 1bf = Icf = 0. Thisimpliesthat 11f = 12f = 10f = (1/3)
laf.
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Figure 6 Sequence Network Connection for an A-to-Ground Fault

Figure 6 illustrates the network that satisfies the two requirements for the distribution of currents
and voltages. Noticethe following:

o There are three subnetworks representing the positive-sequence, negative-sequence, and
zero-sequence equivalents. These networks represent the distribution of the respective
components throughout the power system.

¢ The positive-sequence and negative-sequence networks are basically the same networks
except for the generator equivalents present only in the positive-sequence network.
Sources generate positive-sequence quantities; the negative-sequence quantities that a
generator produces are negligible.

¢ The negative-sequence impedances are more homogenous than the zero-sequence
impedances; this means the impedance anglesin the network are very similar. In the zero-
sequence network, the ground return is always considered. This makes the impedancesin
that sequence dependent on the ground resistivity of the terrain, the type of power system
grounding, and the connection of three-phase transformers. Figure 6 illustrates the
different grounding possibilities at both ends of the system with Znsand Znr.

Figure 7 shows a different unbalance condition. An open A-phase in the power systemisa
“series’” unbalance.

c VCxy =0 9
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Figure 7 A-Phase Open



Inthecircuit, la=0. Thisimpliesthat la=0=11+12+10. Inthefault location, VBxy = VCxy
=0. Thisimpliesthat V1xy = V2xy = VOxy = (1/3)VAXxy. The sequence network connection for
this unbalance is shown in Figure 8.
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Figure 8 Open A-Phase Sequence Network Connection

The same observations about Figure 6 can be made about Figure 8. The different ways that the
sequence networks are interconnected allow for the study of the distribution of sequence currents
and voltages throughout the network. An open-phase condition, like the one shown in Figure 8,
generates negative-sequence and zero-sequence components.

SEQUENCE NETWORK CONNECTION FOR DIFFERENT TYPES OF FAULTS [1][3]

Using A-phase as our reference, we can analyze the different shunt faults possible in a power
system. The analysisisthe same as described above for the A-to-ground and open A-phase
unbalances. When B or C phases are the reference, that analysisis very similar.
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Figure 9 Three-Phase Fault

A three-phase fault in a power system is not really an unbalance; however, it can be analyzed as
such. Figure 9 shows athree-phase fault sequence network connection. Thisis the only fault that
does not involve negative-sequence quantities.
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Figure 10 BC Fault

A phase-to-phase fault involves positive-sequence and negative-sequence networks. Figure 10
shows the sequence network connection.

Z1s Z1r

Vs Vr

Z2s Z2r
[ ]
| —
Z0s Z0r
3Zns 3znr

Figure 11 A-to-Ground Fault

For an A-to-ground fault, the sequence networks are in series, as shown in Figure 11.
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Figure 12 BC-to-Ground Fault

For a phase-to-phase-to-ground fault, the three networks are connected in parallel, as shownin
Figure 12.

From this brief review of symmetrical component analysis, and by focusing on the negative-
sequence quantities, we can conclude the following:

¢ Negative-sequence components are present in al fault types except the three-phase fault.
o Negative-sequence components indicate unbalances and faults.

¢ Negative-sequence impedances are the same as positive-sequence impedances (with the
possible exception of impedances in generators), and they are more homogenous than the
zero-sequence network impedances.

¢ Negative-sequence networks are basically equal to positive-sequence networks except for
the absence of sources and different phase shifts in some connections of power
transformers.

Faults and unbal ances produce negative-sequence components. These components indicate the
abnormal operation of a power system during faults. Protective relays can use negative-sequence
guantities in a variety of techniques, following the symmetrical components theory, to provide the
protection engineer with functions that are reliable in detecting unbalances and faults.

NEGATIVE-SEQUENCE QUANTITIES IN PROTECTIVE RELAYING

Positive-sequence quantities have been correctly associated with load and balanced conditions.
Zero-sequence quantities are easy to measure and quantify. Negative-sequence quantities, on the
other hand, have been a source of mystery to many protection engineers because they have not
been readily measurable.



Numerical relays can now reliably measure negative-sequence quantity and also provide the tools
for the relay engineer to analyze negative-sequence components. The relay engineer can now
confidently use negative-sequence quantities because they are measured and reported by these
devices.

Most manufacturers follow the same practices for protective relaying elements based on negative-
sequence quantities; afew incorporate proprietary techniques using these quantities for protective
relaying. Use of negative-sequence quantitiesin protective relaying is diverse; this paper
illustrates some of these application techniques. This section is devoted to discussing negative-
sequence and relay input sources, rotating machinery applications, overcurrent protection,
directiona elements, line current differential, phase selection, fault location, and power system
unbalances.

Relay Input Sources

Negative-sequence and zero-sequence components are present during unbalanced faults. The
measurement of these quantities by protective relays is not meaningful during normal operating
conditions. Any presence of these quantities under load conditionsis basically an indication of
impedance unbalances in the power system.

Relay input sources are the set of three-phase CTsand VTs. They are meant to accurately reflect
the primary values of the power system. Negative-sequence quantities are more forgiving than
Zero-sequence quantities when a secondary circuit failure occurs and remains unnoticed until a
fault occurs; thisis when the primary circuit negative-sequence and zero-sequence components
are meaningful.
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Figure 13 CT and VT Secondary Circuit Failures

A secondary circuit failurein aCT circuit is abroken neutral lead. Figure 13 illustrates the
situation. During a ground fault, zero-sequence currents flow in the primary circuits; but because
no zero-sequence currents flow in the secondary circuits, due to the broken ground return
conductor, the protective relay is unable to measure zero-sequence currents.



Negative-sequence currents, on the other hand, utilize the same path asload flow currents and
they do not need the broken ground return conductor. Therelay will correctly measure negative-
sequence currents.

A secondary circuit failurein aVT circuit is an unintended second ground in the neutral of the
circuit, as shownin Figure 13. The two grounds are not necessarily at the same potential, and a
voltage difference between the two induces a current (Id). The current and the lead impedance of
the neutral wireyield a difference voltage (Vd) that shows up as an added quantity in the
secondary measurements of the relay, as shown in Equations (5), (6), and (7).

Var=Va+Vd 5)
Vbr=Vb+Vd (6)
Ver=Vc+Vd @)

Notice that when cal culating the zero-sequence voltage, the relay uses the following rel ationship:
3vO0r=3v0+3vd
On the other hand, when cal cul ating the negative-sequence voltage, the relay will obtain:
3V2r=3v2+(l+a+a)Vd=3V2

Thisimpliesthat an unintentional second ground in the neutral conductor of the VT circuit has no
effect on the negative-sequence measurement. Negative-sequence quantities utilize the same
circuit path as the normal positive-sequence quantities; therefore, any accidental modification of
the return circuit has no effect on them.

Rotating Machinery

Three-phase rotating machinery is severely affected by the flow of negative-sequence currents.
For both motors and generators, the stator is free from any damage due to the flow of negative-
sequence currents. Therotor, on the other hand, is greatly affected and can suffer thermal
structura damage from the induced double frequency currents due to the flow of negative-
sequence currents.

Figure 14 Flow of Positive-Sequence (Left) and Negative-Sequence (Right) Currents in a
Rotating Machine

Figure 14 illustrates the influence of the flow of positive-sequence and negative-sequence
currents on arotating machine. When positive-sequence currents flow in the stator of arotating
machine (left-hand side in Figure 14), the flux of the rotor (¢r) and the flux of the stator (¢s—sum
of the phase fluxes) rotate in the same direction. For agenerator, the two fluxes rotate basically

10



at synchronous speed (ws) with asmall angle difference between the two. Ideally, thereisno
induction of currentsintherotor. For an induction motor, the two fluxes rotate normally at
almost the same speed. The stator flux (¢s) rotates at synchronous speed, but the rotor flux (¢r)
rotates at almost synchronous speed. The difference between the two speedsisthe slip
frequency. The difference between the stator and rotor fluxes induces current flow in the rotor.
For the generator, thisinduction is negligible; for the motor, the induction is proportiona to the
dip frequency (s = (fs—fr)), whichisavery small number [4].

When negative-sequence currents flow in the stator of a rotating machine, the stator flux (¢s)
rotates in a different direction and opposite to the rotor flux (¢r), asillustrated in the right-hand
side of Figure 14. The difference between the rotation for the generator is an equivalent
induction of currents with twice the synchronous frequency: fs—(—fs) = 2fs. For the motor, the
stator currents induce voltages in the rotor proportional to: (—fs—fr) = —(2fs—s), again, very
close to twice the synchronous frequency.

The damaging effect of negative-sequence current flow in the rotor has been addressed for
generators with K = 12% curves [1][5]. The generator manufacturer provides a curve for each K
factor. Modern numerical generator protection relays have implemented 12°t curves with greater
sengitivity and accuracy than their electromechanical predecessors. These curves provide the
adequate backup protection to the generator for unwanted negative-sequence current flow.

For induction motors (the great majority of the electrical motors), the 12t curves may be used if
the motor manufacturer provides the information. A negative-sequence overcurrent relay may be

applied [1].

Heating in the rotor of a motor is a process that depends on the motor sequence of operation.
Starting a motor at ambient temperature when the motor has been inactive for along timeis
different from starting the same motor after it has been interrupted from operation. Modern
digital and numerical techniques allow for the implementation of thermal models[6]. Itis,
therefore, fitting for motor protection to include athermal model that reflects the effect of the
flow of negative-sequence currents in the stator.

A thermal model estimates the heating that stator currents cause in the rator. More specifically, it
isthe heating of the rotor resistance (Rr). The rotor resistance is not a constant function; itisa
function of the dlip frequency in per unit (s = (fs—fr)/fs). Moreover, the rotor resistancesto the
flow of positive-sequence and negative-sequence currents, respectively, are:

Rr+ = (R1—RO0)s + RO
Rr—=(R1-R0)(2—¢) + RO

Where R1 is the locked rotor resistance (the estimated resistance at s= 1, or locked rotor
resistance), and RO is the running rotor resistance (approximated when s~ 0).

When the motor starts (s = 1), the heating effect of the flow of positive-sequence or negative-
sequence currents on the rotor is the same, because the rotor resistanceis Rr = R1whens=1. On
the other hand, when the motor is running (s ~ 0), the positive-sequence rotor resistance is RO, but
the negative-sequence resistance is 2R1 — RO. When the motor is running, the heating effect of
negative-sequence currentsis greater than that for positive-sequence currents.

A model that considers the effects of positive-sequence and negative-sequence currents under
starting and running conditions proposes heating and cooling in an exponential manner [6],
analogous to the charging and discharging of a capacitor.

11
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Figure 15 Starting and Running Motor Thermal Models

Figure 15 illustrates the idea of atwo-state thermal model. The starting motor state makes avery
conservative assumption that all the heat is going into heating the rotor and that both positive-
sequence and negative-sequence currents heat the rotor in the same manner. The running motor
state takes into account the greater heating effect of the negative-sequence currents. This running
state alows for the dissipation of heat through an equivalent resistor and an RC time constant.

All constants shown in Figure 15 are cal culated from the motor nameplate data. The description
of these constants can be found in Reference [6].

The important point to notice in the thermal model isthe “charge” in the capacitor, C. This
“charge,” which emulates heating in the rotor, provides the memory to the model. The thermal
model remembers the heating caused at the starting state and in the running state. During the
transition from one state to the other, the capacitor remembersits “charge.” The thermal model
changes gtate to the starting state when motor currents exceed 2.5 pu. Below that level, the
thermal model remainsin the running state.

The differential equations necessary to model the thermal element described above can be
implemented using programming methods in numerical relays. Thisthermal model is an elegant
example of the use of microprocessors and the ease of calculating negative-sequence components.

Negative-Sequence Overcurrent Coordination

After having reviewed symmetrical components and the sequence networks for the different
unbalanced faults, it isintriguing to wonder why negative-sequence current was not the quantity
used to protect power system distribution feeders against phase-to-phase faults and ground faults.
The main reason may have been that the theory of symmetrica components was not readily
available when the art of overcurrent protection began. Another reason may have been that, as
described above, the sequence filter hardware in the electromechanical technology was expensive
and complicated. Another reason is that, for ground faults, depending on the grounding of the
network, there is a need to increase the sengitivity provided by the phase CTs (information used
to caculate 12) using alower ratio neutral CT. The neutral CT with its lower ratio (used to
calculate 10) provides greater sensitivity than higher ratio phase CTs.

In the case whereit is possible to use only the phase CTsto calculate both the negative-sequence
current and the zero-sequence current, both currents provide the same sensitivity. For example,
thisis possiblein distribution systems that have the neutral solidly grounded. In ungrounded
distribution networks, on the other hand, there is a demanding need to make the ground fault
detection as sensitive as possible due to the insignificant and hard-to-measure ground fault
current magnitude. A lower ratio neutral CT isrequired for this purpose. In these cases, the
sensitivity of the zero-sequence current is greater than the one for the negative-sequence current.

It has become the practice of protection engineers to associate ground faults with zero-sequence
currents, which isvalid reasoning. Negative-sequence overcurrent coordination for ground fault
protection is possible; however, it is generally considered as a backup quantity to zero-sequence

12



overcurrent coordination rather than the main ground fault detection method. Ground fault
protection with zero-sequence components in distribution networks will remain the quantity of
choice for the factors mentioned above. For the detection of phase-to-phase and phase-to-phase-
to-ground faults, negative-sequence overcurrent protection is, however, a more sensitive and
easi er-to-apply alternative than traditional phase relays[7].

Overcurrent coordination of radial feedersfor phase and ground relays is awell-known and
described practice. Protection engineers are well versed in the subject, but there may be some
concern about applying negative-sequence el ements when coordinating overcurrent protection.

Ot Im;
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Figure 16 Radial Feeder Coordination

Figure 16 illustrates atypical radial feeder that requires the coordination of protective overcurrent
devices. For the moment, we can assume that the sourceis solidly grounded since we will make a
few considerations about grounding later in this section. Short-circuit studies or manual
calculation will yield the corresponding fault magnitudes that the system will present to the
relays. The most downstream overcurrent device will be set for the greatest sensitivity. The
phase elements (P) are set as sensitively as possible while remaining always above the maximum
load current expected. Unfortunately, thislimitstheir sensitivity for phase-to-phase faults. The
ground elements (G = 310) are set as sensitively as possible and above the highest expected
unbalance. For phase faults, the phase e ements operate. For single line-to-ground faults, the
ground elements operate. For double line-to-ground faults, there is generally no miscoordination
because ground relays are set from 3 to 10 times more sensitively than phase elements, and their
time to operateis shorter. For negative-sequence overcurrent devices, denoted by the letter “Q,”
the concern istheir coordination with phase and ground elements.
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Figure 17 Phase-to-Phase Fault Current and Negative-Sequence Current Magnitude

Figure 17 isasimple yet descriptive illustration of the relationship between phase fault current
and negative-sequence current. When coordinating a phase overcurrent element and negative-
sequence overcurrent element, the equivalent phase current of a negative-sequence element is 3
of the measured 12. Therefore, when coordinating phase and negative-sequence overcurrent
devices, the factor of Y3 must be considered.

13
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Figure 18 Radial Feeder Overcurrent Coordination

When a delta-wye transformer is in the coordination path, negative-sequence overcurrent
elements can provide backup overcurrent coordination to ground overcurrent relays in the wye
side of the transformer, as shown in Figure 18. The figure illustrates the sequence network
connection for aground fault in the low side of a delta-wye transformer. The ideal transformers
are simply shifting the phase by 30° from one side to the other. The current magnitude, in per
unit, does not change from the primary to the secondary side. The current in per unit at the 51Q
relay isthe same as that at the 51G relay. Moreover, the 51Q relay can also protect the
transformer and the low voltage side of the system for unbalanced phase faults. Notice that a
ground overcurrent relay in the high voltage side of the transformer does not provide any backup
to the low voltage side. The delta connection on the high voltage side of the transformer does not
allow the flow of zero-sequence currents, as denoted in Figure 18 with IOH = 0.

The discussion above focused on solidly grounded power systems, where thereis plenty of
ground fault current and the equivalent zero-sequence impedance of the sourceissmall. Some
distribution systems do not have a solidly grounded neutral. In fact, the practicein alarge
number of locations throughout the world isto leave the neutral ungrounded or use the
distribution station transformer low voltage side connected in delta. These are called, for obvious
reasons, ungrounded networks. There are also alarge number of installations that intend to force
the ground fault current magnitude to zero, utilizing a compensating reactor tuned to the zero-
sequence capacitance of the system. These are Petersen Coil-grounded networks.

Ungrounded and Petersen Coil-grounded networks will present negligible ground fault current; it
is the recommended practice to measure the zero-sequence current with atoroidal CT of much
lower ratio than the phase CTs. Moreover, it is hecessary to provide some directional
methodology for ground fault detection. Unfortunately, for these networks, ground fault
detection cannat rely on negative-sequence quantities. The magnitudes of both negative-
sequence voltage and negative-sequence current are too small to be useful. Unbalanced phase
fault detection, however, can benefit greatly from negative-sequence overcurrent. Phase-to-phase
faults can be detected with alower sensitivity than using just the phase overcurrent e ements
because negative-sequence overcurrent relays can be set below load current. For ungrounded and

14



Petersen Coil-grounded networks, the 50/51Q element coordinates only with phase fault detection
devices. Because the negative-sequence filter uses phase CTs, sensitivity will be much less than
for the sensitive ground fault el ements.

Directional Elements

The purpose of adirectional element isto indicate the direction of the power flow during afault.
These elements are not used to trip or alarm by themselves, but are used as supervising elements.

E] Line 3 E]
Line 2
E] i f Line 1 E]

Figure 19 Example of Fault Direction

A simpler way to illustrate the concept of a directional element is through an example such as that
shown in Figure 19. A faultin Line 1lisintheforward (FWD) direction for therelay in Line 1.
The same fault isin the reverse (REV) direction for the relaysin lines 2 and 3. Directional
elements are required in most applications where the lines are not radial. If the lines (feeders) are
radial, it may be possible to intelligently determine the fault direction by the magnitude of the
current. Ungrounded and Petersen Coil-grounded radial feeders require directional elementsfor
ground faults.

With negative-sequence quantities, it is possible to design reliable directional elementsfor all
types of unbalanced faults. Three-phase faults do not contain negative-sequence components, so
they require adifferent approach. The symmetrical components review showed that the negative-
sequence network is present in all unbalanced faults. We use this network for proposing and
analyzing adirectional element [8].
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Figure 20 Fault in Front of the Relay

Figure 20 shows the negative-sequence network for afault in front of the relay with the
relationship of V2/I12 = —Z1s. If the impedances are reactive, the measurement plots on the
negative reactive axis, as shown in Figure 22.
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Figure 21 Fault Behind the Relay

Figure 21 shows the negative-sequence network for afault behind the relay. The relationship of
V2/12 =+ (Z1L + Z1r). The measurement is the sum of al the impedancesin front of the relay
and has apositive sign. If the impedances are reactive, the measurement plots on the positive
reactive axis, as shown in Figure 22.
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Figure 22 Impedance Plane for a Negative-Sequence Impedance-Based Directional Element

Using the sign of the VV2/I2 measurement (an impedance), a directional element can be
formulated [8]. Figure 22 shows a directional element with two thresholds indicating a forward
fault and areverse fault condition. The criterion for adjustment is based on the known line
impedance (Z1L). For areverse fault, the relay measures at least the line impedance. If the
forward and reverse thresholds are taken close to Z1L /2 (a very conservative assumption), then
thresholds for the directional element are defined. Figure 22 shows these two thresholds.

The negative-sequence directiona element, as with other elementsin a protective relay, does not
operate alone; it is part of a scheme with other elements that detects faultsreliably. These other
elements could be overcurrent or distance elements, for example. The negative-sequence
directiona element reliably determines the direction of all fault typesin the power system, except
the three-phase fault. This makes the e ement highly attractive for modern relays that need to
provide phase fault protection and ground fault protection.

In the negative-sequence network, the angles of the impedance are highly predictable; they are
basically reactances. This makes the negative-sequence directional element application simpler
for al networks as opposed to zero-sequence directional elements that may need to consider the
grounding of the system for their operation.

A ground directional element can be designed with zero-sequence quantities. It can be based on
impedance or on the traditional phasor comparison of the zero-sequence voltage and the zero-
sequence current.
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Figure 23 Traditional Zero-Sequence Directional Element

Figure 23 illustrates atraditional zero-sequence voltage-polarized ground directional element.
The zero-sequence voltage (V0) is the polarizing quantity, and the zero-sequence current is the
operating quantity. The presence of VO isrequired and necessary for the element to be
“polarized” (have areference). Without areliable VO, this element does not have the proper
polarization.
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Figure 24 When VO Is Small, There Is No “Polarizing” Quantity

The zero-sequence voltage is very small in certain situations. Onetypical caseisillustratedin
Figure 24. A solidly grounded wye side of the transformer with very small zero-sequence
impedance presents very small zero-sequence voltage. The magnitude of the voltage does not
“polarize” the zero-sequence voltage-polarized ground directional element. A traditional solution
has involved using another zero-sequence quantity to polarize the ground directional element.
The neutral of the power transformer is agood polarizing source [9].
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Figure 25 Ground Directional Element Polarized With a Zero-Sequence Current

As can be seen in Figure 25, the neutral of the transformer will provide a polarizing current that is
always in the same direction for ground faults. The zero-sequence current, measured at the relay
location, will be compared to this polarizing current for aforward or reverse direction
determination.

Even with the proper polarizing quantity, zero-sequence ground directional e ementsface a
difficult task when protecting aline with a parallel path. It iswell established that the zero-
sequence mutual impedance between the parallel lines can cause ground directional problems.
The flow of zero-sequence currentsin a paralel line induces current in the other line. The zero-
sequence mutual effect could be such that the direction of the fault is not properly determined.
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Figure 26 Mutual Effects Resulting From Zero-Sequence Mutual Impedance

Figure 26 helps analyze this situation without resorting to complex impedance calculations. If we
consider the flux linkages of one circuit to the other, the negative-sequence and positive-sequence
linkages are very small because la+ Ib + Ic = 0. The zero-sequence flux linkage, however, is
significant because > # 0. Asshown in Figure 26, the zero-sequence mutual, ZOm, induces
zero-sequence currents in the other line. Thismay lead to incorrect directional determination.

Negative-sequence ground directional e ements do not suffer from this limitation. 1t iswidely
recognized that negative-sequence-based directional elements are most appropriate for protecting
paralel transmission lines.
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Line Current Differential

Line current differential relays are an excellent choice for line protection when adequate
communications facilities are available to accommodate the bandwidth demand for information
exchange. Theserelays have simpler settings and involve applying the differential algorithm to
the transmission line. Phase comparison systems compare the phases of currents at both
terminals and the result is similar to that of line differential relays. Relays with the alpha plane
characteristic combine phase and magnitude comparison of the currents to make the appropriate
decision.

Original line protection current-only systems considered phase and zero-sequence information.
Very few electromechanical relays provided negative-sequence quantities for line differentia
relaying. Dueto limitations of the channel, the negative-sequence information was used in a
composite way; relays used the sum of the weighted sequence components.

The alpha plane line differential relay exchanges negative-sequence information independently
from the phase or ground comparison elements[10]. The apha plane is a magnitude and phase
comparison of the remote and local currents (Iremote/llocal) on a complex plane. Modern
filtering techniques and digital communications are used to determine the presence of internal or
external faultsin atransmission line.
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Figure 27 Alpha Plane Line Current Differential With Negative-Sequence Components

Figure 27 illustrates the process of negative-sequence comparison in an apha-planerelay. The
local three-phase currents (la, Ib, and Ic) are used to cd cul ate the magnitude and angle of the
local negative-sequence components, as described in a previous section of this paper. The three-
phase currents are sent to the remote end using the communications channel. The local relay
receives currents from the remote end and uses these currents to cal cul ate the remote end
negative-sequence component.

The alpha plane provides a very generous and secure restraint characteristic aswell asareliable
operating area capabl e of accommodating severe outfeed conditions.
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Although an alpha plane relay performs comparisons of phase and zero-sequence quantities, the
simplicity of calculating negative-sequence components in numerical relays allows the scheme to
also make negative-sequence comparisons. As shown in Figure 27, the relay supervisesthe
current flow in the negative-sequence network. An externa fault will map on the negative unity
(-1) on the aphaplane, as shown in Figure 27. For aninternal fault, the currentswill change; the
magnitudes will most likely be different at both ends, and the angles of the two currents will be
nearly equal. Thiswill map on the right-hand side of the alpha plane.

Negative-sequence comparison in aline differential relay adds sensitivity to the detection of high-
resistance ground faults and phase-to-phase faults. During an internal fault with high resistance,
the phase current does not change much. The negative-sequence and zero-sequence differential
comparison, however, will provide a higher degree of sensitivity capable of detecting these faullts.
The negative-sequence differential is as sengitive as, if not more sensitive than, the zero-sequence
differentia for ground faults. Moreover, it provides additional coverage to high resistance phase-
to-phase faults.

The negative-sequence alpha-plane comparison is considered more secure than the zero-sequence
alpha-plane comparison during CT saturation. One of the usual concerns when considering aline
current differential isthe ability to tolerate a certain degree of CT saturation. CT saturation
produces a current phasor that is smaller in magnitude and more leading than the ideal phasor
without CT saturation. The phase shifts (the aand &) in the negative-sequence equation make it
more secure to phase reversals (not magnitude) than zero-sequence components due to the
saturation of one phase CT [10].

Phase Selection Algorithm

Phase selection is an agorithm used extensively in single-pole trip schemes. During ground
faults, theideaisto trip the pole that has the faulted phase. Different algorithms are used to
select the proper pole during a ground fault. Operation of the individual ground distance
elementsis not sufficient to select the pole to trip.

Modern numerical relays use avery elegant and effective solution based on the comparison of the
terminal zero-sequence current and the measured negative-sequence components. Remember that
for most cases the calculation of the A-phase negative-sequence component (12a) is sufficient for
most negative-sequence component applications. However, for phase selection, the sequence
components for phases B and C are needed (12b and 12¢c). This requires a simple phase shift (a°
and a) from the A-phase component.
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Figure 28 Faulted Phase Selection Using Negative-Sequence Components

Figure 28 illustrates the phase selection of an A-to-ground fault. For the ideal case shown above,
the A-phase negative-sequence component aligns with the zero-sequence component. The
assumption isthat the negative-sequence and zero-sequence distribution factors yield current
components that are nearly in phase, although a small angle variation is expected.

If the B-phase negative-sequence component aligns with the zero-sequence component, then the
fault is a B-to-ground fault. The same can be thought for the C-to-ground fault. Phase selection
in this algorithm selects the proper faulted phase for single line-to-ground faults. The phase
selection logic in the protective device should aso consider that a BC-to-ground fault will also
have the 12a and 10 components in phase. Fortunately, there are other indicators in the power
system that can determine whether it is an A-to-ground or a BC-to-ground fault, and the relaying
scheme will make the appropriate phase selection.

Fault Location

Modern numerical relays provide fault location as a standard feature—an ideathat in earlier days
was inconceivable. Besides the many other functions packaged in a numerical relay, fault
location is a very important and expected function of the device.

Fault location differs from the impedance cal culation algorithm in the sense that the fault location
output is supposed to be accurate, and the relay, therefore, has more than enough time to issue the
calculation. Distance elements are instantaneous and their function is to detect the power system
faults. Application of distance elementsin protective relaying schemesis such that output errors
are tolerated and expected.

This paper limits discussion on this topic to the use of negative-sequence componentsin fault
location algorithms. Thistopic has deserved a great deal of attention and several techniques have
been proposed. No attempt is made in this paper to qualify these techniques.
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A simple fault location methodology uses the calculation of the apparent positive-sequence
impedance of the transmission line. Theresult is an impedance, (R +jX), that indicates the
distance to afault. Assuming that the reactive part of thisimpedance isthe most accurate
information, the distance to the fault is calculated as a percentage of the total line reactance. The
described method is the reactance fault location agorithm. The main drawback of the agorithm
isthe effect of high load flow with high resistance in the impedance calculation. The calculation
will yield a positive or negative reactive component that adversely affects the fault location
calculation.

High resistance faults are an issue when considering fault location algorithms., Mutual effects
from parallel lines, inaccuracy of the line impedance calculation, and errorsin CTsand VTsare
examples of other issues concerning fault location. An original methodology presented by Takagi
showed away to disregard the effects of high ground fault resistance in fault location. Several
other methodol ogies have been proposed based on this method, but one has to catch our attention
in this paper. This method, a modified Takagi algorithm, utilizes negative-sequence quantities
[11][12].
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Figure 29 Single-Phase Development of the Takagi Algorithm

To simplify the derivation, we use a single-phase arrangement of the impedances shown in
Figure 29. The derivation can be extended to the different |oop impedances for phase-to-ground
and phase-to-phase faults. Equation (8) describes Figure 29:

V = I(mZzL) + (If)(Rf) (8)

Where:
— “18" isthe fault current measured in the terminal where the fault location algorithmis
performed.
— “If” isthe unknown total fault current (not a measured quantity by the relay) flowing
through Rf.

The components of If are the fault currents contributed from Sources Vsand Vr, where If = Ifs +
Ifr. The component Ifsis easily related to the measured Is current using the pre-fault (Ispf)
terminal current, as shown in Equation (9):

Ifs=Is—Ispf 9

The largest source of error in the equation comes from fault resistance, which we eliminate
through use of a mathematical technique. Both sides of the equation are multiplied by the
complex conjugate of Ifsto get Equation (10):

V Ifs = m(ZL IsIfs) + Rf(Ifs + Ifr)Ifs (10)

Note that Ifs and Ifr have nearly the same phase, and if we accept any small error resulting from
this assumption, then the term in the equation containing Rf isarea number. Therefore, if the
imaginary components of the equation are isolated, we can determine the distance to the fault

(m):
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m=Im{ZL IsIfs}/Im{V Ifs} (12)

Equation (11) indicates the need to know the pre-fault current at the terminal. A modified version
of this algorithm recognizes that negative-sequence currents are incremental quantities, similar to
Ifs, where the pre-fault value is zero.

m=Im{ZL IsI2}/Im{V 127}

Using negative-sequence componentsin fault location allows for some mitigation of the zero-
sequence mutual effects of transmission lines, as described previoudly.

The method we have just discussed is a single-ended a gorithm present in modern numerical
relays. The methodology is affected by mutual coupling from parallel lines. To overcomethis
difficulty, some researchers have proposed two-ended methodol ogies with a variety of
requirements. One of the more important requirements is the need for a communications channel
to send information from both ends to a central location or local information to the remote end.
Some methods propose exact synchronization of data at both ends of theline.

A two-ended fault location algorithm uses negative-sequence quantities to overcome difficulties
associated with the needs of any pre-fault data, zero-sequence mutual effects, and any zero-
sequenceinfeed to the line [13]. Aswith any two-ended methaod, it requires the transmission of
data, but the amount of data transferred is minimum, consisting of the 12 magnitude and the
negative-sequence source impedance (Z2) with its magnitude and angle.

I T e I
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Figure 30 Negative-Sequence Network for Fault Location

Figure 30 illustrates the negative-sequence network for any unbalanced series fault (three-phase
faults do not show negative-sequence components). The a gorithm takes advantage of this fact,
proposing a single equation for al unbalanced faults.

Both ends can easily measure the magnitude and angle of the source impedance as shown in
Equations (12) and (13):

Z1s=—(V29129) (12
and
Z1r =—(V2r/l2r) (13)

At the fault location, Equation (14) istrue, where all the variables are known or measured except
“m,” the distance to the fault.

IS(Z1s+ m Z1L) = Ir(Z1r + (1 —m)Z1L) (14)
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Because Equation (14) is avectorial equation, we can solve for “m” using appropriate
mathematical techniques.

The important aspect of the above fault location technique, in the scope of this paper, isthe use of
all negative-sequence quantities. These line negative-sequence parameters are easily calculated
and are equivalent to the positive-sequence impedance. The negative-sequence source
impedances are easy to measure (V 2/12) because there is no equivalent source behind them. As
this paper noted earlier, this method provides an excellent estimate of fault location.

Power System Unbalances

Symmetry in power systemsisdesired for al the phases. The A-phase conductor should be the
same as for the other phases; otherwise, the symmetry will be broken. Power systemsrely on the
symmetry of the phases. The geometry of transmission lines, however, does not allow for the
symmetry of the phases. The distances among the phases and ground can never be the same so
there will be unbalancesin the flow of load current.

Consider atransmission line with self-impedances of the phases Zaa, Zbb, Zcc, and mutual
impedances among the phases Zab, Zbc, and Zca. The voltage drop in the line can be calcul ated
as.

AVa Zaa Zab Zcal|la
AVb|=|Zab Zbb Zbc||Ib

AVC Zca Zbc Zccl||lc

The impedances depend on the geometry of the transmission line. The ground return
consideration isincluded in them; therefore, if the currents are not balanced, then the equation
includes the ground return influence. The only time that Zab, Zbc, and Zca are equal is when the
lineis completely transposed. In this situation, a different geometric arrangement exists every
1/3rd of theline [14].

Using the following identity based on the matrix in Equation (4), the symmetrical components

can be found:
1 1 1]|AVO Zaa Zab Zca||l 1 1 ||I0
1 a® a||AVl|=|Zab Zbb Zbc||1 a® a||ll
1 a a?||AV2| |Zca Zbc Zcc||l a a®||lI2
and

AVO] 1 1 17 '[zaa zab zcal[1 1 11[I0

AV1|=[1 a®> a Zab zZbb Zzbc||l a® al|lll

AV2| |1 a a? Zca Zbc Zccl||l1 a a?l|I2
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In simpler terms:

AVO Z00 Z01 Zz02||10
AV1|=1Z01 711 Z712|| 11

AV2 202 7212 722]|12

If Zab, Zbc, and Zca are equal (atransposed line), the off-diagonal terms are zero and we have:
Z00 = ZOL = the zero-sequence line impedance; and

Z11 =722 =71l = the positive-sequence and negative-sequence line impedance
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Figure 31 Unbalance as a Result of Asymmetry in a Transmission Line

Thefact isthat transmission lines are not generally transposed and unbalances are created.
Figure 31 illustrates the effect of balanced voltages (such as those generated in power plants) in
the sequence networks. There will be negative-sequence current and zero-sequence current
induced in the transmission line as a result of asymmetries in the geometry of theline.

In protective relaying, relay sensitivities are generally set at alevel high enough that relays are
unaffected by these unbalances. Modern numerical relays are designed to supervise their
protective elements (negative-sequence directional elements, for example) with fault detectors.
These fault detectors require that the measured negative-sequence current be greater than the
content of the positive-sequence current.
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Figure 32 Fault Detector

Figure 32 shows atypica use of the fault detector supervising arelaying element: adirectional
element, for example. The flow of positive-sequence current in atransmission line induces
negative-sequence currents, as shown before, but the ratio is constant and defined by the
symmetrical components mutua impedances, Z12 in this case. The supervision shown in the
figure secures the operation of protective relaying elements and ensures that they will operate for
areal power system fault. For an unsymmetrical fault, the ratio of negative-sequence current to
positive-sequence current is greater than the “a2” factor. Not only is negative-sequence
supervision possible, but the same idea applies to zero-sequence currents.

IMPEDANCE ANGLE HOMOGENEITY IN THE NEGATIVE-SEQUENCE NETWORK

A set of power system impedances is said to be homogenous when the angles are equal. For
example, if we assume that all the power system impedances are inductors (all with an angle of
90°) then the power system is homogenous. On the other hand, introducing impedances with
different angles in the set of power system impedances implies some degree of non-homogeneity.

In most academic environments, it is always assumed that power system impedances are reactive,
except in the zero-sequence network. Thisis agood assumption that facilitates the mathematics
and, at the same time, shows that the zero-sequence network is the least homogenous. In reality,
positive-sequence and negative-sequence impedance angles are predictable and very similar to
each other. The zero-sequence impedances are influenced by the ground return that may be
resistance (for example, grounding a generator), arocky terrain with high resistivity (for a
transmission ling), or an infinite magnitude impedance (for a delta-connected transformer). In
summary, the positive-sequence and negative-sequence networks tend to show the most
homogenous impedances.

Non-homogeneity is a cause of error in the calculation of fault reactance and fault location.
Assuming, for example, the single-phase system shown in Figure 29, the fault impedance
measured from Source Vsis

Zfs=V/ls=(mZzL) + (If/IS)Rf

Modern numerical relays offer a quadrilateral characteristic that estimates the reactive component
of the fault impedance (mXL). If the anglesof If and Isare equal, then

mXm=Im{V/Is} (If ZIf = ZIs)

Reference [15] describes the implementation of areactive line for a quadrilateral distancerelay.
Theideais to estimate the reactive component of the line drop calculation, V —Zc | (Zc isthe
relay setting) with a polarizing current, Ip. A current generally polarizes reactance components of
guadrilateral elements. Phase currents or the positive-sequence current component are affected
by load flow (another source of error). The zero-sequence and negative-sequence current
components are not affected by load.
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The polarizing current isjust areference; its angle is the important information. As described
above, if areactive lineisto be implemented for a quadrilateral distance el ement for the single-
phase network in Figure 29, we would have

Vip =mZLIslp +RfIf Ip

and

MV Ip'}y e Im{If 1p)
Im{ZL IsIp’} Im{ZL IsIp’}

A distance relay calculates “m,” which isthe per unit magnitude of the line impedance. The
right-hand side of the above equation is the error term due to the fault resistance. It isthe choice
of agood polarizing current that will make the error term zero. In fact, if the polarizing current is
Ip = If, then the error term is zero. It isthe angle between If and Ip that makes the error term
zero:

If

—=A /T
Ip (15)
since

Im{1f Ip'} = |If| |Ip| SIn T

The simple single-phase network of Figure 29 and the above discussion has alowed the
illustration of the error caused by the fault resistance (Rf). Traditionally, quadrilateral elements
are associated with the ground distance elements of modern numerical relays.
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Figure 33 Sequence Network Connection for an A-to-Ground Fault
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The proper polarizing current for areactive component of a ground quadrilateral distance element
should be obtained by analyzing the network in Figure 33. The single-phase analysis for
Figure 29 can be easily extended to that of Figure 33 and it can be easily shown that

VA =mZ1L (IA + 310 KO) + If Rf (16)

Where KO is the zero-sequence compensation factor (KO = (ZOL — Z1L)/3Z1L). The polarizing
current’ s phase should be as close to the fault current’ sangle as possible. The two currents
available to the measurement for this purpose are the negative-sequence (12r) and zero-sequence
(10r) currents. The positive-sequence current is affected by load (the angle between Vr and V)
and, therefore, is not an appropriate quantity.

The proper polarizing choice comes from the analysis of the homogeneity of the sequence
impedances. The negative-sequence and zero-sequence currents are adequate quantities for
polarizing the reactance line of a quadrilateral ground element. Equation (15), when viewed in
the negative-sequence network in Figure 33, isasimple current divider:

(1-m)ZIL + Zar
12r= If
Z1s+ Z1L + Z1r
and
i: Z1s+ Z1L + ZIr _A, T,
12r (1-m)ZIL + ZIr
The same can be done for the zero-sequence network:
If  Z0s+ ZOL + ZOr A, T,

10r  (1-m)ZOL + ZOr

Theangles (T, or To) are agood indication of the polarizing current to use. In most of the cases,
the negative-sequence impedances are the most homogenous; therefore, T, is smaller than Ty,
Modern numerical relays account for the non-homogeneity calculated in the above equations and
include an adjustment for the angle difference.

Equation (16) and a compensated polarizing current (Ip €") allow for the correct calculation of
the reactive reach of the quadrilateral ground element:

IN{VA (Ipe’")’} ma R Im{If (Ipe'™)’}
Im{ZIL (1A +3I10KO0) (Ipe’")’} Im{Z1L (1A +310K0) (Ipe'™)"}

We can eliminate the Rf term of the right-hand side of the equation by including the T factor in
the calculation. Ip will most likely be 12 due to the expected more homogenous negative-
sequence network.

SUMMARY

Negative-sequence quantities indicate unbalanced power system operation, and measurement of
these quantities yields important information for protective relaying. To illustrate the increased
use of these quantities in modern protective relaying schemes, this paper presents afew examples
of the use of negative-sequence componentsin numerical relays.
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Negative-sequence component calculation and other features now standard in numerical relays
were difficult to implement in earlier relay technologies. Modern numerical relays make it
relatively simple to cal culate negative-sequence components.

This paper discusses how negative-sequence relaying functions can be implemented in numerical
relays. A thermal motor model is described for motor protection. Overcurrent coordination
provides sensitive backup protection against phase faults and overcurrent backup protection
through use of a delta-wye transformer. Negative-sequence directional elements can provide the
necessary sensitivity and direction for all unbalanced faults. An apha-plane relay with negative-
sequence comparison increases the sensitivity of line differential relays in detecting unbalanced
faults. An efficient phase-selection agorithm based on negative-sequence and zero-sequence
currents alows for implementation of sophisticated single-pole tripping relays. Fault-location
algorithms using negative-sequence components provide elegant and accurate solutions relatively
unaffected by mutual coupling in paralel lines. The use of fault detectors can compensate for
natural unbalance resulting from negative-sequence currents in transmission lines. The use of
negative-sequence polarizing current for quadrilateral ground distance elementsis due to the
more homogenous negative-sequence network.
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