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APPENDIX A

Power, impedance and current diagrams of directional, product, mho and overcurrent relay characteristics.
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A STATIC DIRECTIONAL OVERCURRENT RELAY
WITH UNIQUE APPLICATION CHARACTERISTICS

C—H Einvall
ASEA
Visteras, Sweden

ABSTRACT

A new static, directional overcurrent relay with unique charac-
teristics, which has no electromechanical counterpart is described.
A direct substitution for existing relays in traditional directional app-
lications is demonstrated. New applications are presented which show
the versatility and value of the new characteristics.

INTRODUCTION

The use of static circuitry and solid state components has pro-
vided the relay designer with opportunities leading in two different
directions. One direction is to improve on the performance of exist-
ing electromechanical relay characteristics. The other is to create
entirely new relay characteristics not readily attainable with electro-
mechanical components. This paper describes a relay in the latter
category which has new directional characteristics not previously
available.

Electromechanical relays with a directional sense invariably in-
volve in their operating equation the product of a voltage and current
and a function of the angle between them. Depending on the speci-
fics of a given relay design, one may arrive at one of three basic types
of r\:lays:1

1. A directional relay
2. A product relay
3. A mho relay

In a directional relay the objective is to design the relay with as
sensitive a characteristic as practical, i.e., with as low a volt-ampere
product as possible.” Typical sensitivities are 1 volt and 1/2 to 8
amperes. At higher voltages less current is required to satisfy the VA
product.

In a product type relay the sensitivity to the VA product is
deliberately made larger than in a directional relay and usually adjust-
able. Products in the range of 40 to 1,000 are typical. While not in-
herent in the definition, product type relays usually have an inverse-
time characteristic.

The mho characteristic is developed from a product type relay
with an additional restraint proportional to the square of the applied
voltage. This results in the torque equation, when written in its simp-
list form, becoming the ratio of applied amperes to volts, times the
cosine of the angle between them, i.e., T=k - Y cos 9.

An impedance relay, even though its operating equation con-
tains a phasor voltage and current, is not a directional relay. While
an impedance characteristic can be offset to appear as a directional
mho relay, the resulting characteristic is not inherently directional.
Such an offset characteristic is generally not used for precise direc-
tional discrimination.
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All of these characteristics involve the phasor value of the volt-
age, as well as the current. Thus, their characteristics can be plotted
to scales involving these quantities. Typical coordinates are P, (Ul
cos ¢ ) and Q, (Ulsin @) on the power diagram, and R, (U/I cos ¢)
and X, (U/I sin ¢ ) on the impedance diagram. Appendix A shows re-
presentative plots of the three directional characteristics and an over-
current relay characteristic on these diagrams.

Appendix A also includes these characteristics plotted on a
simple current diagram. It will be noted that when these directional
characteristics are plotted on a current diagram, a reference phasor
voltage must be stated. It is also necessary to prescribe the relay
voltage since the operating current characteristic will be different for
different voltages.

The angle of maximum torque has been selected for each relay
with the current lagging the voltage by 60°. This is usually referred
to as the angle, a. (Thus, in the above equation cos ¢ should be re-
placed by cos ( ¢ — a) where ¢ is the actual angle between the relay
voltage and current). An overcurrent relay characteristic will plot as
a circle on the current diagram, without prescribing voltage restric-
tions, since it does not contain a voltage in its operating equation.
When a current relay is presented on the impedance or power dia-
gram it is necessary to prescribe additional voltage constraints.

It is conventional to transpose a given relay characteristic from
one type of diagram to another, depending on the nature of the
problem at hand. However, it is apparent from these sketches in the
Appendix A that such transpositions must always include an addi-
tional statement as to the relay voltage for which the translation
was made. Each of the four relay characteristics plot on only one of
the three diagrams without a basic voltage constraint. Similarly, the
new relay characteristic will require a voltage specification before its
plot on some of these diagrams can be fully meaningful.

THE NEW CHARACTERISTIC

A phase detector is used to extract the information contained in
the phase angle between two ac signals. The static circuitry to do this
is simple. This technique is used in several static transmission line re-
lays. It is possible to construct the phase detector such that the
magnitude of one of the signals has an impact on the output signal,
but the magnitude of the other signal is balanced out and does not
appear in the output. In the described relay, the first signal is the
current, I, and the second signal whose magnitude does not appear



Directional ground fault protection of solidly grounded systems,
especially where polarizing voltage (or current) may be a small
value, or where 3rd harmonics may be larger than the polarizing
quantity. Polarizing voltage as low as 0.5 % with 3rd harmonics
four times as great as fundamental will result in correct direc-
tional sense of the relay. Operating speed will be about 30 ms.
This can eliminate the need for a dual polarized relay to get the
required performance when very small polarizing quantities are

application the relay voltage is taken off of a zero sequence
voltage divider adjusted so that any continuous small residual
voltage will be below the relay polarizing threshold voltage.
The zero sequence voltage occuring during minimum fault con-
ditions will be several times this threshold value and the relay
will operate. Thus, the conventional long time delay for sensi-
tive ground protection can be reduced to a few cycles.

available. Also, the uselfulness of wye, broken corner delta, zero 9. In place of the conventional ground fault sensor, or 3Q type
sequence polarizing sources which tend to be stronger in 3rd CT and sensitive relay, as is generally used in lightly grounded
order harmonics than other ground polarizing sources is thus industrial systems. The approximately 15A primary current
extended. Note: The relay is available only as a voltage polar- sensitivity of these 3@ CT schemes can be attained without the
ized relay. However, in view of the small polarizing voltage re- 30 CT by using relay in conjunction with the conventional CT’s
quired, current polarization, when desired, is readily achieved with ratios as large as 600/5. This application is similar to the
by taking the voltage across a low ohmic resistor in the polar- one above, in which the threshold voltage requirement provides
izing CT secondary. an additional input to the relay which allows this sensitivity to
be attained safely.
Directional ground fault protection of resistance grounded or
(even) resonant grounded systems. These systems frequently ex- 10. Ground fault protection for ungrounded systems. Such systems
hibit an erratic arcing type of fault condition which may con- are in fact capacitively grounded through all of the conductor
tain a significant dc component. © The described relay meas- and bus capacitances to ground. When a ground occurs on a
ures these distorted wave shapes correctly. When the dc com- feeder, these small capacitive currents will all flow into the fault.
ponent of fault current causes CT saturation, the secondary This causes a zero sequence voltage on the bus of substantially
current distortion will also include an advance in the phase full magnitude, even for a high resistance fault condition. Thus,
angle of the fundamental of the secondary current. If the relay the addition of a grounded wye-broken delta zero sequence
is being polarized by (sine wave) system voltage, this phase shift voltage polarizing source to the bus can provide the needed
must be considered as well as consideration of the magnitude polarizing voltage. (The comner of the delta must be loaded with
of the fundamental component to which the relay is respond- a damping resistor to avoid possible ferro-resonance when a
ing. If on the other hand, the relay is being polarized by a ground does occur.) For situations where capacitive currents less
similarly distorted wave, the phase angle and magnitude of the than 3 % of feeder CT rating must be protected for, the use of
total distorted wave must be considered to arrive at the relay a 30 CT or a window type CT, on each feeder may be justified
response. by the reduced testing time to confirm that CT performance is
within standard tolerances. Typical relay connection is shown
Sensitive ground protection to a motoror to the delta connected in Fig. 12. In all of these solutions which provide very sensitive
side of a transformer. This scheme utilizes the predictable ground protection and use the CT residual connection, minor
threshold value of the polarizing voltage to attain ground fault CT errors generally cannot result in incorrect operation. The
sensitivities significantly better than with an overcurrent relay. reason is that the fault current will always be at the optimum
In this case, the allowable speed and sensitivity of a conven- phase angle for maximum sensitivity and speed of response on
tional residually connected ground relay is limited by minor CT the faulted circuit, while the error currents on the other circuits
ratio errors, or CT saturation errors caused by the dc compo- will have a random disposition of their phase angles resulting in
nent of energizing surges, etc. However, with no ground fault, a higher relay pickup current and longer operating time. Addi-
there is no zero sequence voltage for polarizing the relay. Thus, tionally, on the ungrounded (capacitively grounded) systems,
the described relay will not falsely operate in this situation. But, each non-faulted circuit will make a small contribution to the
during an actual ground fault there will be a zero sequence volt- total fault current and this will be in a direction to block relay
age and the relay will operate correctly at high speed. In this action.
11. Distribution and subtransmission circuit protection. The de-
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scribed relay has several applications in this area.

(a) When the phase angle of the minimum fault current is dif-
ferent from the angle of the maximum load to be carried
(or ridden through in case of cold load pick up), the cosine

y 4
1 T PP ..‘3 &4 =4 3 law of the described relay can provide improved discrimina-
=5 = Er_lff? fe fe tion between these two conflicting relaying needs.
;: i ;; :. ;:’ i'- (b) The four different ”instantaneous” time curves available in
3Ue l’o --EL%HM L S --E‘L—)Hl' the various versions provide opportunity to coordinate

with nearby fuses to either protect the fuse or force it to
blow as required by the protective scheme.

(c) Distribution protection schemes frequently involve modi-

5 ’u"\\ fying trip sequences depending on various system para-
N ,/u: meters. The PE 4, while not needed for its directional
i & | sense, can facilitate these control schemes. For example,

S - .
! s s sensitive ground relays frequently must be disconnected
S Srtamiin (or their sensitivity limited) when picking up cold load,

especially from a single phase branch feeder. With the

Fig. 12.  Ground protection on ungrounded system. PE 4, this disconnection can be accomplished by opening



Fig. 3.
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Operating times available in various PE 4 versions.

a. Operating time for instantaneous models.
b. Operating time for inverse time models.
c. Reset time for all PE 4 models.

Time characteristics:

There are a total of 7 timing curves available. Four instant-
aneous curves span the range from less than 1/2 cycle to 3 cycles at
ten times pickup. Three inverse time delay curves, with operating
times of 10, 20 and 70 cycles at 10 times pickup complete the time
options. These are shown in Figs. 3a and b. Not all of these time
characteristics are available in all versions.

These relays can also be used for undercurrent relays. In such
applications, the reset times shown in Fig. 3¢ provide a choice of
operating times comparable to those available for overcurrent appli-
cations. Since these are static relays, the ratio of continuous current
to operating current is substantial. The 30mA relay has a continuous
rating of 6A. When a still more sensitive relay is required to carry
large current, a pair of anti-parallel diodes are connected across the
current circuit of the relay. This has no effect on the minimum pick-
up current since the small voltage drop across the relay at this current
results in a very high effective resistance of the diodes. But, at high
currents the diodes limit the voltage across the relay to no more than
one volt peak which the relay can take indefinitely. The 3mA relay
can carry 10A continuous with this arrangement.

With the anti-parallel diodes the relay operating current vs
phase angle is altered from the straight line of Fig. 1 to approximate
a hyperbola as shown in Fig. 4. The reason for this is that at large
phase angles, the required current does result in a voltage drop across
the relay current circuit sufficient for the diodes to bypass some of
this current. Thus the current to the relay will be limited and opera-
tion occurs only up to a certain angle, in Fig. 4 to approx. 78°.

relay characteristic

operating Limit line with
one pair of diodes in shunt
with 3-12mA, 0° relay

Fig. 4. Effect of current limiting diodes on the operating limit
line.



CORRELATION WITH TRADITIONAL CHARACTERISTICS

Fig. 1 showed the new relay characteristic plotted on a current
diagram. The Figure in the Appendix showed the classical relay
characteristics plotted on current, power and impedance diagrams.
This information is further correlated in Fig. 9, wherein the new
relay is also plotted on the power and impedance diagrams. A con-
ventional overcurrent plus directional relay is also plotted for com-
parison, along with a straight overcurrent relay and a product type
relay. The scales are not necessarily the same in each sketch in order
to better illustrate the similarities and differences.

From this Fig. 9, it is seen that an overcurrent relay charac-
teristic when plotted on the current diagram appears as a circle of
radius equal to the pickup current of the relay. Operation would
occur outside the circle and no operation inside it.

When an overcurrent relay characteristic is plotted on a power
(P—Q) diagram, it would also appear as a circle, but with the circle
labeled, U = Uy, meaning the given threshold values (which are only
amperes) must be multiplied by U the system voltage at the relay
location to satisfy the given curve. A second overcurrent relay, set at
twice the value of the first relay, would plot as a 2nd circle of twice
the radius and labeled U = Uj. These circles plot proportionally
smaller if U = Up and Uy < Uy, as shown in Fig. 9.

Similarly, an overcurrent relay characteristic plotted on an im-
pedance (R—X) diagram will also be a circle also labeled U = Uy, but
the operating zone will now be inside the circle, not outside. Also,
the plot of twice the current setting becomes a circle 1/2 the size.
And when U =Uj and U < Uy, it becomes a proportionally smaller
circle, as shown.

It is pertinent that on only one of the three diagrams is the over-
current characteristic fully meaningful without specifying the system
voltage magnitude. This is true for any single relay characteristic.
But, for any given relay characteristic it will be a different diagram
which is free of a voltage specification. For a conventional directional-
overcurrent relay, there are two separate relay characteristics involved
and, hence, there is no way of plotting the combined characteristic
without specifying a voltage magnitude. The new directional, over-
current relay characteristic does plot on the current diagram without
a voltage magnitude specification other than it be above the thresh-
old value.

From the above it would appear no more complex to coordinate
an overcurrent relay with the new PE 4 characteristic than with
relays with which we are more familiar. To coordinate the operating
time of the described relay with an overcurrent relay it is necessary
to consider the angle between relay voltage and relay current, (¢—a),
to determine the correct pickup value and, hence, current multiple
of pickup to use on the time delay curves. Conservative practice
would suggest the following:

(1) If the PE 4 must wait for the overcurrent relay, assume an
angle of maximum sensitivity.

If the PE 4 must operate first, assume the greatest angle for
which operation is expected.

(2

With suitable voltage notation, the PE 4 characteristic can also be
plotted on the impedance and power diagrams, as shown in Fig. 9.
On the power diagram this plots as a straight line noted U= Uj. When
U= Uj and U < Uy, the plot will be at proportionately lower values
of P and Q.
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