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I NTRO b UCTTION

It is a well known fact that the characteristiccircle or operating locus

of a mho distance relay which uses a polarizing quantity proportional to
the relay to fault impedance, passes through the origin of the R-X diagram.
This applies to faulted-phase polarized relays for unbalanced and balanced
faults, and to sound-phase polarized relay for balanced faults only. Under
such conditions, locations outside this circle, e.g., zero-voltage faults
at the origin, or faults at the extended R-axis or in a series-overcompen-
sated line section with'negative'' reactance from the origin, cannot be de-
tected with steady-state polarizing quantities.

Such faults outside the steady-state circle can however be detected by relays
with "memory action' i.e., which use some or alil of the pre-fault voltage for
polarization. This method provides an expanded "dynamic" mho circle which
includes the origin, and which "shrinks' towards its steady-state size as the
memory expires.

A previous paper (ref. 1) describes a method of testing the steady-state
expanded locus of sound-phase polarized mho relays for unbalanced faults, by
synthesizing the applicable steady-state fault voltages and currents with a
Doble F3C test set. A modification to this set, the F3D, consisting of two
synchronously interconnectable terminals as shown in Figure 1, provides pre-
fault and fault quantitites and the dynamic transition capability from the
former to the latter (ref. 2). This paper describes a method and an example
of testing the expanded dynamic operating locus of a mho relay, by synthesiz-
ing with the F3D the prefault and fault voltages and currents and the transi-
tion between these.

MHO RELAY PRINCIPLES IN BRIEF

As shown by Wedepohl in 1965 (ref. 3), a mho relay based on the two-input
angle comparator principle will operate if the angle between the polarizing
phasor S1 and the measuring phasor S2 is less than a right anle, i.e.,l@]<90°.
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The measuring phasor is always S = Z¢ - Zf,
where Z. the replica impedance in the relay.
Zf the fault impedance seen by the relay.

If the polarizing phasor S} is equal to the fault impedance Zf (proportional
to the faulted phase voltage), the operating locus will pass through the
origin as shown in the top part of Figure 2. If S] uses all or part of the
prefault voltage (which is the driving point emf. behind the lumped equiva-
lent source impedance Zs), the operating locus will pass through -KZs as
shown in the bottom part of Figure 2, (where K is a property of the relay,
and is time-variable with decaying memory during the fault period).

The above is easily demonstrated by viewing the simplified prefault and
fault system equivalent of Figure 3, and multiplying the impedance phasors
of Figure 2 (bottom) with the fault current I, which will then result in a
locus of voltage phasors, per Figure 4 (for simplicity, an initial K = 1
has been assumed).

It can be seen that the product of current and source to fault impedance is
equal to the internal source emf E, which is also the pre-fault polarizing
voltage Vp "memorized" by the relay (neglecting prefault load flow), whereas
the measured fault voltage V is the product of current and fault impedance.

Thus, once source impedance Zs and fault impedance Zf have been selected,
and a pre-fault voltage E has been fixed, relay current and relay voltage
are given by

I = —E (1)
ZS + Zf
Zg
and V = E (2)

is + If

This establishes, by magnitude and angle, current and voltage for a parti-
cular fault point F, and there is no other degree of freedom left.

From equation (2) follows that, when proceeding from a prefault to a fault
condition, the relay point prefault voltage E changes to the fault voltage V,
by magnitude and angle, according to

—-——Zj———}/i (2a)

is + Lf

g
Zs + 1§

v
E =

where § is the angle by which the voltage must be shifted.

For faults in the 1lst and 4th quadrant, V lags E, i.e., & has a negative
value. Figure 5 shows multi-phase voltages and current phasors for fault
point F of Figure 4, the upper part of Figure 5 for a balanced fault, the
lower part for a phase B to C fault.
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If prefault and fault voltages are known from a fault study, one can deter-
mine the source impedance ratio by re-writing equation (2a) to:

7 E -V
S.I.R. 7% = v (3)

DYNAMIC TESTING OF A SAMPLE MHO RELAY

Sample Relay Selection, and Scope of Testing

On B.C. Hydro's medium voltage lines, Westinghouse types KD-4 and KD-10
constitute the most widely used type of distance relay, samples being
generally readily available from spare parts stock. It was felt that,
having the first try at dynamic testing with a familiar relay type, a
method for future testing of more sophisticated relays would be established.
A KD-4 (short range) three-phase element was therefore selected as test
sample.

Another reason for testing this type arose from uncertainties with regard

to available application information. Whereas the manufacturer's in-
struction leaflet (ref. 4) and the applicable A.I.E.E. transaction paper
(ref.5) mention memory polarization, they do not define it quantitatively,

nor state its time duration. On a number of B.C. Hydro's short lines, under-
reaching zone 1 relays cannot be applied, and clearing of close-in (zero-
voltage) faults requires memory action of the three-phase element of duration
long enough to complete the directional comparison logic, in some cases even
the echo logic of a permissive trip scheme.

With the relay thus selected, a number of special-interest fault points in
the dynamic area where tested, such as: on the R-axis, at the origin (zero-
voltage fault), in the fourth quandrant, and on the -X axis. Also tested
were faults near the end-of-reach of the Zs replica impedance setting for
moderate and for very high source impedance ratios.

Establishing The Prefault and Fault Quantities

For ease of calculating the test quantities by magnitude and angle for the

selected test points, the source impedance Zg and the relay replica impedance
Zc were each selected as j5 ohms (i.e., a relay S.I.R. of 1), to obtain a

dynamic locus concentric about the origin, as shown in Figure 6. The jX orienta-
tion (actually 89°) of the replica impedance Zc was achieved by temporarily
opening the tap connection to resistor R3 (see Fig. A-1 of the appendix), tap

settings used were S = 3, T = 1,23, M = -0.15 (and % = 1.55).
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The Doble F3D test source provides, in 'Y''-Mode, two prefault currents
(which were adjusted to zero in these tests), and three non-adjustable
prefault phase to neutral voltages which are,

Ep = 69.4 [0°
Eg = 69.4 [-1200
Ec = 69.4 [+1200

The angle of Ej, 00, is also the reference angle for the pre-dialing of
the angles of the selected fault voltages and current (since the 3-phase
element requires only one fault current Ia, the F3D I3 current output was
used for this function).

On the basis of the previous equation (2a) and the above three prefault
voltages, the phase-to-neutral fault voltages for any three-phase fault
point F can be calculated as

Zf / Zf /&

= O TS BRIt { = AT |

Vy = 69.4 [ 00 « A d 69 .43 (4a)

f / Zf 0

= -1200% & = 69,4*._...*_,6_90

Vg = 69.4 [-12007——- 7o ¥ If (4b)
' Zf Zf o
= o, = Py (S !

Ve = 69.4 [+120%7—— [S 69.4 P [5+120° (ac)

From (4a, b, c) follows that all three phase-to-neutral voltages must be
phase-shifted by the angled from their pre-fault position. However, the
F3D test set does not provide phase angle adjustment for the A-phase volt-
age. Fortunately, the KD-4 voltage input connections are such that only
the magnitude and phase position of the voltage triangle ABC matters, re-
gardless of whether phase to neutral or phase to phase source voltages are
used. Thus, it was possible to use three phase-to-neutral voltages for the
prefault triangle A'B'C', and two open-delta phase-to-phase voltages for
the phase-shifted fault voltage triangle ABC. This was achieved by setting
the fault voltage VA to zero, and pre-dialing applicable magnitude and phase
anglés for the two remaining open-delta fault voltage, namely,

Vo = 0 (52)
z
Vg = V3 (69.4) Z +fz @Eiiéf representing -Vig  (5b)
s f
if {
Ve = V3 (69.4) Zs + If +/50° representing Vca  (5¢)
S

The A-phase test current is given by
69.4 /0°

!Zs + ijé(_
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Figure 7 shows applicable system voltage and current phasors and F3D test
set voltage and current phasors for the fault points F4 (R-axis), F5 (4th
quadrant), F7 (origin), and F8 (net series capacitance to F) on the dyna-
mic mho circle diagrams of Figure 6.

Test Procedure

The test set-up is shown in Figure A-1 of the appendix, and is self-explan-
atory. Test voltages and current for a selected fault point where calulated
with the help of above equations and pre-dialed by magnitude and angle. Only
one of the two F3D sources, the '"Master" terminal, had to be used for the test.
It was held quiescently in its prefault ("normal") state, with three wye volt-
ages, and zero pre-fault current. Fault commands were initiated by means of

a manual switch (which also triggered the storage scope) and conveyed to the
test set's '"NORMAL" to "DYNAMIC" status switch via an auxiliary relay having
approximately 2 cycles delay, in order to capture some prefault period on the
scope.

Test Results

The highlights of the test results, tabulated in Table I, are discussed here.
(A complete work sheet containing all the test quantities is given in Table
A-II of the appendix).

As expected, the relay would not operate for fault points on the theoretical
dynamic mho circle. This is not surprising, as firstly, the degree of initial
polarization (i.e., how close the K-factor for Zg approaches 1) is not known,
and secondly, the rate of decay of the memory during the operating time of
the element is not known. After pulling points F4 and F5 towards the origin,
the limit of dynamic reach for these points was reasonably well determined.
The upper and middle oscilloscope records on Figure 8 show that the relay
operated on points F4' and F5' just long enough to establish a direct trip
signal. On the other hand, the record for F8' fault (-X axis) indicates that
this was not the limit for detection of series-over compensated fault points.

Records of faults at the origin (F7j on Figure 9 show a reliably long trip
signal for directional comparison schemes with an S.I.R. of 1, and still a
comfortably long direct trip signal with an S.I.R. excess of 20.

Faults along the Zc - axis, Figure 10, show slow but definite operation near
the reach limit, even with an S.I.R. of 20. These points lie however in the
steady-state operating area of the mho element, i.e., the relay would event-
ually operate even without the benefit of memory action.
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The oscilloscope records show different relay’ responses depending on whether
fault current starts at a zero crossing or at its maximum momentary value.

As the F3D uses operational amplifiers with instant error feedback, a current
start for a specified magnitude and phase angle is executed at the instant

it is ordered, i.e., not necessarily at a zero crossing of the pre-dialed cur-
rent sine wave. Current start at maximum momentary value is of course not a
"real life' system simulation, and may contribute to measuring errors by the
relay. In this series of tests, zero crossing or maximum current starts were
obtained strictly on the basis of '"try and try again" procedure - later in
this paper a control concept for controlled zero crossing transition is dis-
cussed.

APPLICABILITY AND LIMITATIONS OF F3D TEST SET

With its digital thumbwheel type adjustments of voltages and currents by
magnitude and angle, not requiring any other measuring instruments, and its
prefault to fault switching capability, the F3D test set facilitated a very
effortless method for simulating the various fault conditions. The main
effort lay in the preparatory calculations towards establishing the dynamic
currents and voltages for the various test points, and in connecting the set-
up. Once this was done, very little manpower was required in producing the
called-for quantities, altering these when necessary, and progressing through
the test series. To reduce the effort required for the preparatory calcula-
tions, a program was subsequently written for obtaining the called-for voltages
and currents from a programmable desk calculator, see Figure 11.

A number of limitations of the test set, already known in principal, manifest-
ed themselves during these tests. These are discussed in the following.

Random-Timepoint Transition From Prefault to Fault Current

As mentioned earlier, the design features of the active sources produce currents
of as-called for magnitude and angle the instant they are ordered. If that
instant is not at a natural current zero, an abrupt current transition to the
momentary value corresponding to the particular point on the sine wave will

take place. Random transition, smooth or abrupt as shown in Figure 12, was

also found in a test series performed earlier on a breaker failure relay, but
without noticable effect on the relay (as the execution was a time delayed
function). It was also reported by another utility, as illustrated in Figure
13, where it produced false operation of a high-speed negative-sequence direc-
tional relay {(ref. 6).

Unless proven to the contrary for the tested relay type, test results with
other than zero-crossing fault current starts should be considered as doubtful
if not invalid, for relays which use di/dt or Ldi/dt for their measuring
functions.
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As the fault current phase angles are pre-set with reference to phase A
voltage, an improvement to this limitation is possible by pre-setting the
time point of normal to dynamic switching through a "switch on voltage
wave' control method, using VA as controlling voltage.

This can be added as an external accessory, but would only offer a solution

if a single test current is used (or two currents 180° out of phase). Common
transition control would for three phase currents only provide a zero-crossing
start for one of the three. For a complete solution, individual transition
control for each current would be required.

Lack of Phase Angle Control for A-Phase Voltage

As shown earlier, this lack presents no problem with relays which base their
measurements on the phase-to-phase voltage triangle A-B-C, as VA for the fault
condition can be pre-set to 0, and the triangle simulated by VB and V¢ which
are both phase angle adjustable.

However, certain relays do require phase to neutral voltages even for balanced
three-phase faults, and dynamic simulation of phase to ground faults will
always require amplitude and phase angle control of all three voltages as
shown in the example of Figure 14.

For a balanced fault, VA can be obtained via auxiliary VT. from VB and V¢, as
Va = -(Vg + VC) For the phase to ground fault case per Figure 14, where
zero-sequence is involved and thus an independently adjustable A-phase voltage
is required, it can be obtained by utilizing the spare and independent B and

C phase voltages of the second (''slave') F3D terminal, deriving VA and VB via
auxiliary VT. per Vo = -(VB + V¢) from that terminal. This does involve some
additional work effort in pre-test calculation, test set-up, and test procedure.

Lack of Third-Phase Prefault and Fault Currents in Y-Mode

In the Y-Mode, required for the simulations described, only two currents are
available, which are insufficient for prefault load, fault, or unbalanced fault
with load simulation requiring all three currents. (This was not a problenm

in this particular test series which required only one current). Using a simi-
lar arrangement as described for the voltages, the third current can be derived
per Ipo = -(IB + Ic) if no zero-sequence is involved in the simulation, or ob-
tained from the slave terminal if zero-sequence is involved.
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Simulation vs. Reality of Overcompensated Line Faults

Whereas it is possible to initiate a resistive and reactive fault without
offset, i.e., at a current-zero time, and achieve a 60-Hz non-offset smooth
current transition by time-point switching control added to the F3D test set,
it is not possible to have, in reality, a sudden prefault to fault transition
of currents and voltages for overcompensated line faults (involving R-L-C)
without low frequency transients.

Figure 15(A) shows for the simulation of a fault at F8' with the F3D set, an
instant phase reversal of the voltage at the fault inception. This is not
possible in reality, as in an R-L-C circuit, the C prevents an abrupt voltage
change just as the L prevents an abrupt current change. The result is the
occurrence of a low frequency transient, at the resonant frequency of the
R-L-C circuit (for the quantities represented in the faults simulated for F8
and F8', this would be 26.8 Hz).

Figure 15(B) in comparison, shows a similar fault applied on a model power
system. The fault current has a noticable low-frequency harmonic content, and
the fault voltage has an initial frequency of about 25 Hz. Eventually, both
would reach a steady-state frequency of 60 Hz, with the voltage lagging the
current by 909, which is obscured here by the clearing of the fault.

From the above, the realization should be apparent that the simulation of

faults on series-compensated lines is outside the application scope of a 60-Hz
synthetic test source such as the F3D.
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CONCLUSTIONS

A method for dynamic testing of mho or other distance relays by means of a
portable test set has been developed, which is expected to be of considerable
value for the evaluation and application of new relays which will appear on
the market.

Results for the particular relay tested, the KD-4, show that its practical
dynamic operating locus for balanced faults is significantly smaller than the
theoretical locus (as expected), and that definite and reliably long opera-
tion occurs for incident zero-voltage faults even with high source impedance
ratios.

The Doble F3D proved itself a very versatile dynamic test set of portable
size, facilitating a truly effortless method for providing, and altering if
necessary, the called-for quantities. Three known limitations of the set
manifested themselves during the tests, namely lack of A-phase voltage angle
adjustment, lack of third-phase current, and random timepoint transition to
fault current. The first two can be overcome by judicious use of the avail-
able quantities of the terminal pair of the test set. The last one presents
some handicap, as an abrupt transition to fault current is not real, and yet
can affect the relay's operating behaviour during the test. It can be over-
come by either repeated test shots until a near-zero-crossing current transi-
tion is achieved, or by application of an externally added transition control
device.

Finally, an application limitation exists with regard to the dynamic simulation
of faults in the fourth quadrant of the R-X diagram, which represents an over-
compensated line containing R, L, and C components. Whereas a synthetic 60 Hz
test source such as the F3D can correctly and accurately provide the final 60 Hz
steady-state fault quantities, it cannot provde the low-frequency transients
occurring after the transition from prefault to fault state. For realistic
results with overcompensated line fault simulation, a true analogue or digital
model power system would be the appropriate testing tool.
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DEFINITIONS

Replica impedance setting of the mho relay.
Relay bus to fault impedance-

Equivalent source to relay bus lumped impedaﬁce.
Source emf

Fault voltage at the relay bus

Fault current

(relay) - Source impedance ratio of relay, Zs/Zc.
(fault) - Source impedance ratio of fault, ZS/Zf.
Impedance angle of Z..

Impedance angle of Zg (I lags V by angle of same magnitude,
but opposite sign).

Impedance angle of Zs.

Impedance angle of (Zg+ Zg).

Angle by which fault voltage V lags E, i.e., angle of

Z
£ , which is ¢ - &

Is+ If

Part of prefault memory used for polarization, a relay property.

Polarizing input to the comparator.

Measuring input to the comparator.

Angle between S; and Sj.
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Flt. Flt. V Flt. Imp. Source Imp. heplica Relay
Loc. Ph-N Flt. I| ohms, Angle ohms, Angle Zc S.I.R.
Theor. | Meas. Equiv. | Amps Theor. {Meas. Theor, Act, ohms (Zs/Z¢)
F4 49.1 9.8 5.0,00 j5.0 j5.0 1.0
F4! 49.1 15.8 3.27,0°0 j3.27 j5.0 0.65
F5 69.4 13.9 5.0/30° j5.0 j5.0 1.0
F5! 34.7 | 16.0 2.16;300 3.75,60935.0 0.75
F8 17.3 17.3 -j1.0 j5.0 ji5.0 1.0
F8!' 17.3 10.0 -j1.73 j8.66 j5.0 1.6
F7 same 0 13.9 same ji5.0 same j5.0 1.0
F7 same 0 13.9 0 same j5.0 same jo.23 21.8
F1 34.7 6.94 js.0 j5.0 j5.0 1.0
F1!
(.98F1) 34.7 7.1 j4.88 j4.88 j5.0 0.98
F11
(.87F1) 34.7 7.9 j4.38 j4.38 i5.0 0.87
F11
(.85F1) 3.0 10.0 j0.3 j6.6 jO.355 | 18.6
(note 1)
TABLE I - INTENDED THEORETICAL AND ACTUALLY MEASURED POINTS

Note (1) The source impedances for F4', F5', F8', F1' and F11 had
been intended to remain j5 ohms, with the fault impedance
values decreased until relay operation was achieved. How-
ever, test currents and voltages were not changed strictly
in accordance with equations (1) and (2) of the text, thus
resulting in the unintended changes to the source impedance
values,
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