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DYNAMIC CHARACTERISTICS OF MHO DISTANCE RELAYS

INTRODUCTION

For many years phase mho distance relays, of both electromechanical and static design, have used
memory action to produce a short duration output for zero voltage faults at the relay location. The
polarizing circuit contains a tuned circuit and, in effect, “remembers’’ the prefault voltage long enough
for the relay to make a decision as to whether the fault is in front of, or behind, the relay. Usually the
relay output lasts for only a few cycles and then the relay resets, since it is impossible for it to produce

a steady state tripping output if the polarizing voltage is zero.

The above explanation of memory action is usually associated with zero voltage, or bolted, faults.
However, in many cases fault impedance exists due to the presence of an arc, and the voltage is not
zero. The memory action actually produces a dynamic characteristic that has a much greater capability
to handle high-resistance close-in faults than is indicated by the steady-state charaéter_istic. The purpose

of this paper is to describe this dynamic characteristic.
It should be emphasized that this is not a new development, but is a description of a feature that is

present in any mho relay which uses the faulted phase voltage as the polarizing voltage and which also

uses memory action in the polarizing circuit. (1)

THEORY OF OPERATION

Relay Circuitry

This analysis refers to one relay unit of a thres-phase mho distance relay, for example the AB phase
pair unit. Phase distance relays normally use line-to-line voltage, VAB' and ""delta currents,”
| o — !B, so that the reach is the same in positive sequence ohms for phase-to -phase or three-phase

faults.

This analysis is based on a static mho distance relay, such as the SLYB1B (used in static terminals},

which uses a phase angle comparator to make a distance measurement. The measuring unit for



the AB phase pair is shown schematically in Fig. 1. The current input, [ o~1Ig, is passed through a
replica impedance, Zg, which determines the reach and the maximum reach angle of the mho
measurement. The voltage input, V 5 g, is used both as the restraint portion of the operating

signal and as the polarizing signal.

In the palarizing circuit, the memory circuit is a band-pass filter tuned to the system frequency. If
the input signal to the filter is suddenly short-circuited, as would happen for a nearby boited fault, the
memory circuit will continue to oscillate for several cycles at system frequency. If the fault is nearby
and contains fault resistance, the voltage V o will be reduced and phase-shifted to a position in phase
with the fault current, and the phase shift of the memory ci;'cuit output will be delayed for several

cycles.

For the standby condition with no load or fault current ﬂowinﬁ, the operating signal, Vyp, is 180°

out of phase with the polarizing voltage, and for this condition there is no input to the coincidence
timer. |f a phase-to-phase AB fault with no fault resistance occurs within the reach of the relay, and

if the angle of Zg is equal to the line angle, (I s—1g)Zg will be greater than V 5 g, Vqp will be in phase
with Vpgy , and the input to the coincidence timer will be a chain of coincidence blocks that are
almost one-half cycle long, with very narrow gaps between the blocks {see Fig. 2). This will produce

a trip output.

If fault resistance is present, VOP will not be in phase with Vp |, and operation of the relay will

occur when the coincidence timer input blocks are greater than 90°. Fig. 3 illustrates by means of an
{R-1X diagram the way in which a phase angle measurement producss a steady-state mho characteristic.
Regardless of the angle between V 5 g and | {or Ig), the 90° relationship between Vopand Vag
required for operation causes the resulting characteristic to be a circle. Quiput occurs when the angle ©
is equal to or less than 90°, or when the tip of the V g phasor falls within the circle. Dividing the
voltages by | produces a mho circle on an R-X diagram, and operation occurs when Z falls within

the circle.

Dynamic Characteristic

The dynamic characteristic of the mho relay with memory action is the result of the delay {in the



memory circuit} of the phase shift of the polarizing voltage from the prefault to the fault condition.

To illustrate the dynamic characteristic, consider the simple radial feed system of Fig. 4, where
impedances are given in secondary ohms. The source impedance is 6 ohms at 85° and the line
impedance from relay location to fault location is 2 ohms at 85°. The fault resistance is assumed
to have a value of 5 ohms, which is much larger than typical arc resistance values. This large value

of fault resistance is used only to illustrate the size of the dynamic characteristic.

For the prefault condition the voltages at the source (Vg), at the relay {Vg), and at the point on the
line where the fault occurs (V) are all in phase and equal to the source voltage as shown in Fig. 4.
When the fault occurs, the voltage at the relay location shifts lagging by 33°, and the volitage across
the fault resistance is in phase with the fault current and lagging by 54°, as shown at the bottom of

Fig. 4.

Fig. 5 is a phasor diagram with source valitage, Vg, as the reference. Note that the voltage drop in
the source impedance leads the source voltage by 31° and that the voltage drop from the relay to the

fault, which is the same as V 5 g at the relay, lags the source voltage by 33°.

When the phasor diagram of Fig. 5 is plotted on an IR-1X diagram it appears as shown on Fig. 8, with
all the phasors rotated clockwise by 36°. V apg at the source is the initial polarizing voitage, and V 5 p
at the relay terminals is the restraint portion of the Vyp signal, and therefore immediateiy after the
fault occurs these two voltages are different as shown in Fig. 6. The angle @ is measured between
Vop and V 5g at the source and this produces an initial dynamic characteristic as shown in Fig. 8.
The angle of Zg was chosen to be the same as the source impedance angle, and the magnitude of

Zg was chosen to produce a circle which passes through the tip of the Vag = IZg phasor. This
construction illustrates the point that the diameter of the initial dynamic characteristic circle is
equal to Zg (source impedance) plus Zg (relay reach). It also illustrates the point that the dynamic

characteristic has a much greater reach along the R-axis than does the steady-state characteristic.

It might appear at first glance that this characteristic is no longer directional because it includes

a large area below the R-axis. This is not true, because the construction of Fig. 6 is only valid for



current flow through the source impedance behind the relay and passing through the relay location
in the tripping direction. The area below the axis would permit tripping on a dynamic basis for
capacitive faults in front of the relay (if series capacitors are used) but it does not mean that the

relay would operate for faults behind the relay.

The dynamic characteristic as shown in Fig. 6 is the characteristic that exists immediately after

the inception of the fault. Following fault inception, the characteristic begins to “shrink’” towards
the steady-state characteristic as shown in Fig. 7. The particular characteristic which determines

the actual reach along the R-axis depends on the operating time of the relay. As far as the polarizing
voltage itself is concerned, the time for V 5 g to shift from the pre-fault to the fault position is
determined by the memory circuit time constant and the magnitude of the fault voltage present
during the fault at the input to the memory circuit. In general, this time constant is designed to be
long enough to provide a trip output for “practical”” faults in the first quadrant, i.e. faults with

arc-drop.

Arc-Drop Considerations

A practical fault between phases A and B will have a non-linear fault resistance established by the fault
arc. Since the arc voltage if relatively constant for all values of fault current, being typically 4 to 5% of
Vg, the fault resistance is inversely proportional to the fault current. However, the fault current

is inversely proportional to the line and source “impedance between the fault location and the infinite
bus behind the relay. The net result is that fault resistance due to arc drop increases as the source

impedance and relay dynamic characteristic diameter increases, and conversely the fault resistance

decreases as the source impedance and relay dynamic characteristic diameter decrease.

This relationship is illustrated in Fig. 8 and Fig. 9. Figure 8 shows the practical fault impedance that
will occur for a phase-to-phase fault at location R. (124 + IZ¢) is equal to the pre-fault voltage and
IR is equal to 5% of the prefault voltage. Therefore R is equal to approximately 5% of (Z1g * Zp).
Fig. 9 shows the same fault condition but with a smaller source impedance and therefore a smaller RF
for a fault at the same fault location. It is interesting to note that in both of these conditions, even with
an 85° reach angle on the steady state characteristic, the fault impedance is well within the dynamic
characteristic, and that the dynamic characteristic automatically increases in size as the fault resistance

increases.



Because the arc-drop voltage is essentially constant, infeed from the opposite terminal that is in-phase
with the local fault current does not change the effective fault resistance seen by the local relay.
Therefore Figures 8 and 9 apply to both double-end feed or single-end feed conditions provided that

the two source impedances are in-phase.

Effects of Load Flow

For most applications, on lines that are part of a strong system, there will be no significant effect on
the dynamic characteristic due to load flow. The key factor is the difference in angle between the
pre-fault voltage at the relay location and the voltage at the equivalent source which is driving the

fault current,

A system condition which could have a significant effect on the dynamic characteristic is shown in
Fig. 10, where several transmission lines in series connect a generating station (A) at the left with a
load center (B) at the right. Zpy is the positive sequence impedance between A and Bus 1, ZE is the
positive sequence impedance between Bus 1 and Bus 2, etc. Ry, R2, and R3, etc. are relay Iocationé.
The angular relationship of each bus voitage with respect to source A is shown below each bus
location. Fq, Fy, Fj, etc. are fault locations in front of each relay location. For simplicity, it is
assumed that the relay replica impedance angle is the same as the impedance angle of the various

line sections, and that this angle is 85°.

To explain the effect of load angle on the dynamic characteristic, consider first the relay at location
R1. The source of fault current flow at R1 for a fault at F1 is the voltage at A, but the pre-fault
voltage at R1 fags that voltage by 5°. In the previous description of the dynamic characteristic, for
the no-load condition, the pre-fault voltage was the same as the source voltage, and the dynamic
characteristic was much larger than the steady-state because the pre-fauit voltage angle was leading
with respect to the fault voltage. In the case of the R relay of Fig. 10, the initial polarizing voltage
lags the source voltage by 5°, and this will cause a slight reduction in the first quadrant reach along

the R-axis.

Fig. 11 illustrates the effect of the load angle on the dynamic characteristic. The source impedance

plus the relay reach form a "“constant chord” for both characteristics. |f the angle subtended by



the no load characteristic is 90°, the angle subtended on the load characteristic is 90° + § where §
is the angle that the prefault voltage at R4 lags the voltage at the source A. The same effect applies
at the other relay locations. For example, for the relay at R4 the subtended angle is 90° + 25° or 1157,

This characteristic is illustrated in Fig. 12.

For a condition such as this the dynamic characteristic can be shifted to the right by introducing a
fixed leading phase shift in the polarizing voltage, provided that the load flow is always in the same
direction. Of course, this also shifts the steady-state characteristic toward the R-axis, or to a lower

maximum reach angle.

For relay locations, such as Ry, Rg, and Rg, where the direction of load current flow is opposite
to the direction of fault current flow, the shift of the dynamic characteristic because of load flow

- angle is in the opposite direction, or such that it takes in more area in the first quadrant.

A more direct method of evaluating relay performance is shown in the next series of figures. Since the
itern of chief concern is the ability to detect a fault with fault resistance and located just in front of
the relay, these figures show the volitage phasors for Vp and the initial polarizing voltage for fauits at
F1, F2 and F3. In each case it is assumed that | lags the left source voltage by 85°, so that |2 in the

relay is in phase with the source voltage at the left.

In Fig. 13a, for the R relay and F1 fault, the arc voltage is small compared to IZ, and Vyp leads 1Z
by 2°. Vp_ lags the source voltage by 5°, so the angle between Vop and Vpn is 7°, a very favorable

angle for high-speed operation.

Fig. 13b shows the phasors for the R, relay and F2 fault. For this case, the arc voltage is a larger
percentage of the 1Z signal, and Vqop leads IZ by 5°. Vpq lags IZ by 15° resulting in a total angular

separation of 20° between Vyp and Vpy .

Fig. 13c shows the phasors for the Ry relay and F3 fault. The arc voltage is a still larger percentage
of 1Z and shows a phase shift in the clockwise or lagging direction due to the infeed to the fault from

the right hand source. The total angle between Vyp and Vpny is 38°. While this is still well under



90°, it is a less favorabie condition than that for RZ and F2, and, as stated earlier, could be improved
by introducing a fixed leading phase shift of the polarizing voltage, provided the load flow direction

is always the same.

Fig. 13d shows the input signals for the Rg relay and F6 fault, which is the condition where load flow
direction and fault current flow are opposite. Here Vpn leads IZ {and the right hand source voltage)
by 20° but is only 15° away from Vop because Vpq_ and Vyp are both shifted in the same direction

from 1Z. This is a favorable condition.

Figs. 13a, 13b, and 13c¢ illustrate another important point. As the fault location moves towards the
right-hand bus, the arc voltage shifts in the lagging direction because the amount of current fed in
from the right increases. The V 5 pc phasor shown in Fig. 13c for example, is the minus V portion
of 1Z — V. The steady-state polarizing voltage is 180° from the V poRc shown, and is therefore more
than 90° from V5p, which means that the relay with 85° maximum reach angle will not operate
steady-state for this fault. This is illustrated in Fig. 14. In this case the dynamic characteristic is

relied upon to produce an output.

©

QOther Polarizing Methods

It is possible to use the “healthy-phase’’ voltage as the polarizing voltage, either alone or as a supplement
to the faulted phase voltage, and by this means obtain a steady-state output for zero-volitage phase-to-
phase faults. The latest designs of GE phase mho relays use a combination of faulted phase and unfauited
phase voltage, and the design of these relays will be described in a subsequent paper. With this polarizing

method, the dynamic characteristic is still relied upon to produce an output for three-phase faults.



CONCLUSIONS

The use of a memc;ry circuit in mho distance relays gives those relays a dynamic characteristic with much
greater reach along the R-axis than the steady-state reach. The diameter of the initial dynamic
characteristic is equal to the sum of the source impedance and the relay reach. The diameter auto-
matically increases in size as arc resistance increases. The dynamic characteristic ““shrinks’ to the
steady-state characteristic at a rate determined by the time constant of the memory circuit. The
dynamic characteristic permits tripping on a transient basis for some marginal conditions that would

not provide a steady-state trip output.
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