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SUMMARY

A new protection scheme, type SHPM, has been designed to satisfy the demand
for a cost-effective distance relay for medium and high voltage

transmission and distribution lines. The relay is a high performance
full-scheme design having many advantages over the switched relays
traditionally used in this application. Three zones of protection are
incorporated, each having separate measuring elements for each type of phase
and ground fault. The full-scheme arrangement uses 18 comparators,
eliminating the need for starting relays and switching circuits, thereby
providing better reliability and faster operating times.

The standard relay has partially cross—polarised mho characteristics with
strong resistive expansion for Zone 1 and 2, and offset mho characteristics
for Zone 3. For long-line applications the Zone 3 characteristic can be set
to a lens shape to avoid the problem of load impedance encroaching into the
characteristic. For short—line applications involving strong sources of
power infeed, optional quadrilateral ground-fault characteristics for all
three zones can be specified, ensuring adequate tolerance to arcing and
tower footing resistance. Synchronous polarising (an advanced digital
memory system) 1s provided to allow correct response to three-phase close—up
faults.

SHPM contains interfacing and scheme logic to allow signalling between
relays at the ends of a transmission line, via a signalling channel, for
rapid clearance of faults anywhere within the whole of the protected section
of line. Several different tripping schemes are incorporated in the relay,
selectable by switches on the front panel. Integral tripping relays give
3-pole or single- and 3-pole tripping, as required, and other relays are
present for interfacing with a signalling channel, auto-reclose equipment,
remote alarms, fault recorder and fault locator. Optical isolators are used
for input signals such as from the signalling channel. Visual indications
are provided by 10 light-emitting diode lamps.

Voltage transformer supervision and power swing detection features are
provided as standard. These features may be used for indication and alarm
purposes only, or, if required, may individually be set to block tripping of
the distance relay.

The distance relay has an inbuilt self-monitoring and periodic self~-testing
feature designed to announce a failure of the relay or its supplies. A
comprehensive injection and test monitoring system simplifies commissioning,
routine testing, and fault-finding operations on the relay. The system
permits the use of programmable portable test equipment so that on-site
testing can be performed by personnel who do not have detailed training on
distance relays.



INTRODUCTION

Distance relays have been used for many years as the main protection for
transmission and distribution lines. For extra high voltage (EHV) systems,
'full-scheme' distance relays, with their separate measuring elements for
each phase and zone, have been used exclusively. This is because of the high
operating speed requirements of EHV applications. The more economical
'switched' distance relays, with their single measuring element switched to
the faulty phase by fault detectors, have been popular for sub-transmission
and distribution lines.

However, the use of modern components and novel circuit techniques has

allowed a compact new relay, type SHPM, to be developed with a full 18

measuring elements at a price which is comparable with the traditional

switched distance relay. The advantages of better reliability and faster

operating times which the full-scheme configuration provides, can now be -
applied to distribution lines.

The basis of the measuring element of SHPM is a phase comparator which is
manufactured using uncommitted logic array (ULA) technology. The whole of
each phase comparator is implemented as a ULA silicon chip, making the
comparator small, inexpensive and reliable. Also, the additional circuits
which it is possible to include economically within the ULA device allow the
use of advanced operating principles such as the signal verification
technique and the periodic self-testing which will be described in this
paper.



THE NEW PHASE COMPARATOR

The important requirements of high speed and high stability have both been
satisfied in the comparator design. Usually these two requirements are in
contention because the faster the operating speed, the greater the risk of
false operation caused by contaminated relay input signals. Signal
contaminations include harmonic components, switching surges, lightning
impulses, travelling waves, exponential decays, saturated current
transformer waveforms, coupling capacitor voltage transformer transient
errors and interference voltages induced on low-voltage wiring due to
switching on the high-voltage system.

The comparator resolves the speed/stability contention by checking its own
input signals to verify that they are dominated by components consistent
with power-system-frequency waveforms. If verification is obtained, full
operating speed is allowed. If verification is not obtained, the
comparator demands more data before tripping can be allowed, thereby
automatically extending the signal processing time sufficiently to ensure
that no maloperation can occur. By filtering and preconditioning of the
comparator input signals, the relay design ensures that the comparator is
able to operate at full speed for the great majority of transmission line
faults.

FUNDAMENTALS OF THE PHASE COMPARATOR

The comparator in SHPM is used to produce a variety of different
characteristic shapes, such as quadrilateral, mho, offset mho, lenticular
etc. The easiest to explain is the mho (or circular) characteristic, so
this will be described first.

For simplicity describing a self-polarising characteristic, the comparator
inputs are as shown in FIG. 1, such that
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and the condition for operation is that A lags B by O to 180°. As the
operation of the comparator must be independent of the magnitude of A and B,
these two quantities are changed to square waves using high-gain amplifiers
before being supplied to the comparator. The squared-up signals convey only
‘ the phase angle information of the original signals.

The comparator treats the input square waves as logic variables which can
each have a high or a low logic state at any time. To facilitate the
following explanation, signal A will be described as A or A depending on its
logic state at a particular instant of time and signal B will be described
as B or §. There are four possible combinations of state, A.B, A.B, A.B,
and .B. If both signals have unity mark-space ratios and equal periods but
different phases, then the four combinations occur in a cyclic manner.



There are only two possible sequences of these combinations as shown in
FIG. 2. These are:~-

(1) If signal A leads signal B: A.B, A.B, , A.B, s
(2) 1If signal A lags signal B: A.B, A B
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From these the following logic statements can be deduced.

(1) 1If signal A leads signal B, when A changes it gains the
opposite state from B, while when B changes it gains the
same state as A.

(2) 1If signal A lags signal B, when A changes it gains the same
state as B, while when B changes it gains the opposite state
from A.

The comparator has a logic circuit which examines the input signals at each
change of state to see which of the two statements is true and thus
determines whether the sequence is progressing in a restrain or a tripping
direction. The circuit can identify the direction of the progression from a
single change of logic state of either input and from any starting point in
the logic sequence.

Because the presence of noise can introduce false changes of state
unconnected with the true signals at the power system frequency, a single
change of state matching the trip sequence does not necessarily represent a
fault condition within the protected section of line. Greater security is
obtained if the criterion for tripping is to receive a number of successive
changes of state each of which matches the tripping sequence. The
comparator therefore has a counter for determining how many such changes
have been observed. Each acceptable change matching the tripping sequence
adds to the total count (up to a maximum of four) while every change
matching the restrain sequence subtracts from the total count (down to a
minimum of zero). The criterion for operation is a count of three. The
action of the counter for a typical fault within Zone 1 is shown in Fig. 3.

ACTION OF THE COMPARATOR COUNTER

Figs. 2 and 3 show pure power-frequency signals, but it is obvious that the
presence of noise would change the situation. To illustrate the point, Fig.
4 shows a restrain condition of the power—frequency signals, with a burst of
high-frequency noise superimposed on a comparator input. Because the noise
happens to coincide with a change of state of the other comparator input, a
count-up situation occurs at high frequency. To prevent the comparator from
tripping wrongly, the rate of counting-up is deliberately limited,
preventing a count of more than one from being registered.

The device for restricting the rate of counting~up is a timing circuit.

This is initiated by any change of state which fits the tripping sequence
and runs for a nominal time period of 0.15 cycle. If another change of

state in the operate sequence occurs while the timer is running, the timer
is restarted. While the timer is running, the counter cannot be incremented
further. Each change of state in the restrain sequence decrements the
counter and terminates any timing period running, so there is no restriction
on the rate of counting down.



The restriction on the rate of counting—-up effectively limits the operating
bandwidth of the comparator, eliminating maloperation on high-frequency
interference. The same restriction also prevents the possibility of
transient overreach occuring when the V-IZ comparator inmput has an
exponential offset which distorts the mark/space ratio of the square wave,
as shown in FIG 5. Note that the exponential component of the current does
not cause a significant exponential offset in IZ, because the signal is
differentiated with a short time comstant by the current input devices
(transphasors) described later. The voltage supply can have an exponential
component which is reflected in V-IZ but not in Vpgy, because the latter is
normally dominated by healthy-phase components.

The distance relay contains a total of eighteen full comparators, that is,
three ground fault and three phase fault comparators per zone. Each full
comparator contains its own logic circuits, counter, and constraint timer.

EXCLUSION OF NOISE

The following interfacing and preconditioning measures ensure that the full
high speed performance potential of the comparator is achieved even with
severely contaminated relay input signals.

(1) Good physical layout and electrical filtering has been used to exclude
high-frequency noise generated in the substation. The relay terminals and
all of the relay modules which interface with the outside world are
concentrated in the right-hand side of the relay case. The interface
modules provide electrical isolation to 5kV peak, using isolating
transformers with screens to shunt high-frequency currents to earth and so
attenuate common-mode interference. Transverse-mode interference is
attenuated by low-pass filters. The measuring and control modules which
occupy the left-hand side of the relay case, therefore operate in a quiet
electrical environment.

(2) Other high frequency signals, such as travelling-wave effects and high
harmonic frequencies, are attenuated by low-pass filters which cut off at
about 120Hz.

(3) Exponential components of the current supply are attenuated with a
short time constant (typically less than lms) by the main current input
devices of the relay, known as transphasors, described later. In the case '
of the quadrilateral version of SHPM, additional current transformers are
used for supplementary relay signals. Band-pass filters are used with all
current inputs to attenuate harmonic distortion, including the effects of
line current transformer saturation.

(4) Coupling capacitor voltage transformer (CVT) transients are prevented
from having any effect on the polarising signal by the dominant effect of
healthy-phase or synchronous polarising, described later. Switched band-pass
filters are used to eliminate excessive effects of CVT transients in other
relay signals derived from the voltage supply.



PHASE SHIFTING CIRCUIT

To develop impedance characteristics such as the mho, the phase comparator
needs its polarising quantity to be phase shifted by a lagging angle (see
FIG. 1). Because the comparator operates at high speed it has been
important to avoid energy storing phase shift circuits, for instance
capacitor-resistor networks, which have poor transient response. As the
comparator deals with square waves which can be regarded as logic variables,
the phase shifts are obtained by using shift register logic circuits driven
by a clock pulse generator. Each shift register introduces a time delay
which depends on the number of bistables (or bits) in the register and the
clock pulse frequency. The required clock pulse frequency depends on the
nominal power system frequency.

POLARISING ARRANGEMENTS

To simplify the description, the mho characteristic has so far been
described as if it were self-polarised. In fact, partial healthy-phase
cross-polarising and partial synchronous polarising components are used.
The term synchronous polarising refers to an advanced digital memory system
which will be described later. These extra polarising components are used
in order to satisfy the following requirements.

1. To maintain a correct polarising (i.e. directiomnal reference) signal
for the relay comparators under conditions of close-up faults of all types
even in the presence of large transient voltage errors from CVTs, so that
correct directional response can be ensured.

2. To enable fast operating time to be obtained for close-up faults of all
types in the forward direction of the relay.

3. To provide expansion of the resistive coverage of the mho for faults
with low infeed currents where arc resistance may be large (1).

Both the healthy-phase and synchronous components are square-wave signals of
amplitude 16% of the peak prefault voltage supply. Under unbalanced fault
conditions, the proportion of healthy-phase polarising is enough to overcome
the effects of normal CVT transients. Under 3-phase fault conditions, the
synchronous polarising works in a similar way. Fig. 7 shows that by adding
a 16% square wave to the CVT error, the correct zero—crossings of the
polarising voltage are restored. The polarising signal is squared-up and
phase retarded by 90° to become input B of the comparator as previously
described.

The addition of the square-wave signals results in expansion of the mho
characteristic in a similar way to that described by Wedepohl (1). However,
because the healthy phase component is a square-wave, the expansion occurs
in a non-circular manner which helps to maximise the resistive coverage, as
shown in Fig. 8. The top line of the expanded characteristic is part of a
fully cross—polarised circle and moves with prefault power flow soc as to
avoid overreach or underreach in a similar way to that demonstrated by
Cavero (2). Operating times are fast over the whole of the area of the
characteristic as shown in Fig. BA.



POLARISING MIXING CIRCUITS

The polarising quantity Vpgp is formed by squaring and summing circuits
supplied with the phase—ground voltages and the synchronous polarising
signal. The circuits are so arranged that the effect of synchronous
polarising only becomes significant when the phase-ground voltages are
reduced under low voltage three-phase fault conditions. This is explained
by reference to FIG. 9 and 10, which show circuit details for two typical
phases of the polarising mixing circuits.

Taking first the A-G phase, FIG. 9, the sine-wave quantities Vg and Vg are
summed using two equal value resistors Rl and RZ and supplied to the
inverting input of a high-gain amplifier ICl. The square-wave synchronous
polarising voltage Vy, is potentially divided with R3, R4 and supplied to
the non-inverting input. The resistor values are chosen so that the peak
value of the waveform on the non-inverting input is 16% of the peak value of
the waveform on the other input under healthy supply conditioms. The
square-wave output Vg, from ICl retains the phase information of the
zero-voltage crossings of the sum of the input wave-forms. The phase of Vgp
is dominantly controlled by the cross—polarising signal Vg + Vi for most
types of fault, the exceptions being low-voltage three—-phase and low-voltage
B-C-G faults, where the synchronous polarising signal Vy, becomes the
controlling quantitye.

A proportion of Vyga is then added to the self voltage Vp using R5 and R6 and
a second high-gain amplifier IC2. The values of R5 and R6 are arranged so
that the peak value of the square wave Vg, produces the same voltage at the
input of IC2 as 16% of the peak value of the sine-wave V, under healthy
supply conditions. The squared output Vg, from IC2 is phase shifted 90° by
a shift register (which is not shown in %IG. 9) and the resultant signal
VpoL is then supplied to the comparator. The phase of Vgp is dominated by
input V, throughout all types of fault except ground fault conditions
involving the A phase and three-phase faults which cause the supply to
collapse. For these conditions of low V, voltage the Vgp input
predominates. Indeed if V4 collapses to less than 16%Z of rated voltage, V,
ceases to have any influence at all on the polarising signal and the
comparator becomes effectively fully cross-polarised. The resistive
expansion of the characteristic for low-voltage ground faults is therefore
much stronger than for a conventional partially cross—polarised mho relay.
(See FIG. 8).

The B-C polarising mixing circuit is explained with the aid of FIG. 10.
Under B-C and three-phase fault conditions, Vgp has the same phase as the
synchronous polarising signal Vy, and as explained the square-wave voltage
Vga is mixed with the sine-wave Vj on resistors R5 and k6. The values of
these resistors are selected so that under a state of healthy supply
voltage, the peak value of Vg, has 16% of the effect of the peak value of V
at the input of the amplifier IC2. The resultant square-wave at the output
of IC3 is phase-retarded by 90° using a shift register to produce a
square-wave Vya. A set of resistors RY, R10, R11, R12 are used to mix Vyu
with Vg and Vg in such proportions that the peak value of Vy, corresponds to
l6%4 of the peak value of Vi~V at the input of squaring amplifier IC3. The
output VQBC of IC3 is phase shifted through a lagging angle of 90° by a
shift register (not shown) aund is then supplied to the comparator.

>



The phase of VQBC is determined largely by the zero crossings of Vg-V under
all types of fault conditions except B-C, B-C-G and three-phase faults which
cause the B~C voltage to collapse. For these conditions of low B-C voltage
the Vya input dominates the phase of the polarising signal, Vya in turn
being controlled by V, if this fault involves the B-C or B-C-G phases, or by
Vpa if the fault involves all three phases. Therefore if Vg~V collapses
below 16%, the B-C unit is effectively fully cross-polarised and
consequently the resistive expansion of the impedance characteristic is
greater than for a conventional partially cross—-polarised relay.
Furthermore, the resistive expansion also applies to three-phase faults.

SYNCHRONOUS POLARISING

Synchronous polarising is available for 38 cycles following a 3-phase
close-up fault. This time is sufficient to keep the Zone 1 comparators in a
stable condition for a reverse fault, until the fault is cleared by other
protection. In the case of a forward fault, 8 cycles is more than
sufficient to allow the SHPM to trip and clear the fault.

Under three-phase close-up fault conditions, the polarising signal Vpgr, is
controlled by the synchronous polarising signal Vy,. After 8 cycles this
power-system—-frequency signal is replaced by zero voltage.

The synchronous polarising system is implemented by microprocessor software.
The basis of the system is a set of 32 registers of 8 bits each, which may
be imagined as being arranged in a carousel as shown in Fig. 11. The
carousel may be regarded as rotating anti-clockwise under healthy live
conditions on the transmission line.

Phase C voltage is used as a reference signal for pre—fault phase
information, after being squared by a high gain amplifier. The length of
one half-cycle is measured in units of 179 ps (the timer interrupt period of
the microprocessor) and the number of units is stored in a register. When
this half-cycle finishes, the carousel is rotated anticlockwise by one
register and the length of the next half-cycle measured and stored. This
process continues indefinitely, with new data overwriting the old when all
32 registers are full.

To generate the synchronous polarising output signal, an examination is made
of the data held in the 8th register anticlockwise from the present input
register. This number is then used to determine the length of the output
half-cycle required. When the output half-cycle has been produced, the
polarity of the output is reversed and another examination is made of the
data held in the register which is at the present 8th position. The next
half-cycle is generated accordingly. This process is repeated indefinitely,
producing the synchronous polarising output wave.

This method allows the reproduction of the frequency of the input signal VC'
The output is phase-locked with the input by adjusting the number in the
output register by plus or minus one, every fourth output edge, to bring the
output into phase with Vi as closely as possible.

When any voltage level detector resets, or any comparator operates, this is
deemed to be a faulty or dead-line condition and the synchronous polarising
is allowed to run out. Under these circumstances, the direction of rotation
of the carousel is reversed and the output is maintained from data
previously stored, for 16 half-cycles, after which the synchronous
polarising output is disconnected from the polarising mixing circuits. The
data in the most recently recorded registers are not used, because distorted
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voltage may be present in the period just before the voltage level detector
resets, or the comparator operates. During the 16 half-cycles of run-out,
the phase lock is disabled to protect the synchronocus polarising from any
undesirable change in frequency.

A period of 140 ms is allowed to time out after all voltage level detectors
become operated and all comparators are reset, before the synchronous
polarising is reconnected. This period allows the registers to fill with
healthy phase information. Immediately before the 140 ms expires, a
comparison is made between the number in the current input register
(equivalent to the elapsed time of the current half-cycle) and the number in
the next—anticlockwise register (equivalent to the length of the previous
half-cycle). The difference in time is put into the output register, so
that when the synchronous polarising is reconnected, the output is
immediately in phase with the input. At this instant of reconnection,
several cycles of accurate data are already available for Zone 1l comparator
operation.

The synchronous polarising signals for the A and B phases are obtained from
Vmc by phase shifting by shift registers.

LEVEL DETECTORS

On de-energising a transmission line, line VTs can supply one input terminal
of the comparators with low-frequency voltage waveforms, particularly if
electro-magnetic transformers are connected to the isolated line. To avoid
the risk of false operation of the relay comparators caused by the
continuing presence of synchronous polarising on the other input of the
comparators, phase current level detectors are provided. These have a very
fast reset time and are connected so as to block comparator operation when
the line is de-energised as shown in FIG. 12.

The principle of operation of the current level detectors is explained with
the help of FIG. 13. If the instantaneous amplitude of the input voltage
(ViN) exceeds a threshold setting Vggp either on a positive half-cycle or on
an inverted negative half-cycle, a timer tj is started. If ty finishes
before the non-inverted or the inverted input signal has fallen below VRpprs
the input sine wave is known to be greater than the level detector setting
and the output is set high.

At the same time as the output is set, a second timer tp is started, whose
purpose is to bridge the time interval between the positive and negative
half-cycles. So while tp is running, the output cannot reset. When the
level Vypp is exceeded on the next half-cycle, the output is kept in the
operated state. Only if the threshold level fails to be exceeded on the
next half-cycle, is the output reset after ;) finishes. The output also
resets if the input signal becomes a unidirectional signal greater than
VREF, after both ty and tp have timed out. Positive feedback is applied
from output to input to give a reset/operate ratio of 0.95 to prevent
chatter when the input signal is at the pick-up level.

The current level detectors are designed to restrict the operative range of
the relay, preventing excessive sensitivity, although because they have a
low setting (5% of rated current at the relay reference setting), this
restriction does not constitute any practical disadvantage. The operating
time of the level detector circuit is fast enough not to limit the minimun



operating time of the relay. The maximum reset time of the level detector
is less than the fastest practical comparator operating time.

The current level detector design is such that it can only operate omn
signals at around the power system frequency, a characteristic which
complements the operating principle of the comparator. Level detector
operation is little affected by high levels of harmonic, low-frequency
and exponential contamination of the power frequency input signal.

INHIBITION OF THE COMPARATOR

With busbar VTs, the comparator returns naturally to a restrained condition
when the circuit breaker is opened. However, with line VIs, the relay must
contain special measures to ensure that the comparator resets when the line
is de-energised.

In addition to the current level detectors, the relay contains voltage level
detectors operating on a similar principle, with a setting of approximately
70% of rated voltage. If the transmission line is de-energised, the voltage
and current level detectors of the de-energised poles reset, a 'pole—dead'
signal is produced, and after 20ms, is supplied to the 'inhibit' terminals
of the relevant comparators as shown in FIG. 14. This terminal, when
activated, causes the counter of the comparator to register all changes of
state of each input A and B as down-counts. The counters of any comparators
which have operated, will be rapidly decremented to zero when the
transmission line is de-energised.

SINGLE-POLE TRIPPING

The level detectors are also beneficial when single—pole tripping of the
circuit breakers is required. Following a single-phase-to-ground fault and
a single-pole trip, the output of the ground-fault comparator is blocked by
the resetting of the relevant phase current level detector and the
comparator is forced to count down by the relevant pole-dead signal. Thus
the relay resets correctly even though the presence of residual current due
to load, and the presence of sound-phase cross-polarising, may appear to the
comparator as an impedance within the relay characteristic.

PHASE SELECTION

A modern distance relay design needs to provide excellent phase selection
properties, especially when the relay is used for single~pole tripping. A
problem with many full-scheme distance relays is that heavy close~up
single-phase faults can sometimes intrude into the operating characteristics
of the phase-fault comparators, causing a three-pole trip where a
single-pole trip would be appropriate. In SHPM a special neutral current
level detector is used to block the phase-fault comparators to prevent this
type of wrong trip.

This neutral current detector, known as the 'high set', has a setting level
which is biased by the maximum amplitude of phase difference current

flowing at any time. The three signals 1lx-Ig, Iyg-Ig and Io-Ip are rectified
by a precision three-phase full-wave rectifier and a peak level formed by a
fast-charge slow-discharge smoothing circuit. A fixed proportion of this

leve]l is_the sed as th 1 VREF i
setet isg dgsgribeg. e value VREF in a level detector of the type
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A similar "low set'! neutral current detector is used to enable the
ground-fault comparators, thereby preventing wrong operation of a
ground-fault comparator under heavy close-up phase-phase fault conditions.
See Fig. 15. The low-set neutral detector is also used by the voltage
transformer supervision feature as it has a high degree of immunity from
operating under unbalanced load conditions.

Biasing the neutral current detector has distinct advantages. The

detectors can be set sensitive enough to operate for all single-phase faults
which could cause phase-fault comparator maloperation, without any risk of
the detector picking up on neutral spill current during phase-phase faults.
Neutral spill current arises from mismatched current transformers, CT
saturation, etc. The biasing also ensures that the phase-fault comparators
are enabled during two-phase-to-ground faults, permitting the relay to give
its fastest possible three-pole trip. For two-phase-to-ground faults with
high resistance in the neutral, only the phase fault comparators are enabled,
avoiding possible measuring errors which ground fault comparators can exhibit
under these conditions.

OFFSET ZONE 3 CHARACTERISTIC

The offset mho characteristic for zone 3 is produced by the same type of
phase comparator as for zones 1 and 2 but using different input quantities
as shown in FIG. 16. The offset characteristic provides back-up protection
for faults in the reverse direction of the relay.

To cater for long line applications where load impedance may encroach on to
an offset mho characteristic, the zone 3 characteristic may be converted to
an offset lens shape by a switch on the front panel. The lenticular
characteristic is produced by the intersection of two circles as shown in
FIG. 17. The two circles are generated by two comparators using the same
signals as for the offset circular characteristic but using different phase
shifts. The inputs to the comparators then become:

Ay = V-1Z
comparator Cj
By = (V+iz') /-(180° - &) (main comparator)
Ay = V-1Z
comparator Cp
By = (V+IZ') /- & (inhibit coumparator)

The intersections of the two circles occur on the characteristic angle of
the relay and determine the forward and reverse reach of the lenticular
characteristic. The reach remains independent of the comparison angles.

The aspect ratio, or ratio of the length of the minor and major axes of the
lenticular shape, is determined by the angle F. The aspect ratio can be set
to 0.41, 0.67 and 1.00 (Fig. 18).

The block diagram is shown in Figure 19. Comparator C2 comnsists only of
basic circuitry for determining whether changes of state of the input
signals constitute an operate or a restrain sequence. There is no counter
associated with C2 as its purpose is only to provide a signal for the
inhibit terminal of the main comparator Cl. Cl therefore only produces a
trip signal for faults within the lenticular characteristic.
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THE QUADRILATERAL CHARACTERISTIC

A quadrilateral characteristic is available as an option for the ground—-fault
comparators and offers an increased coverage of fault resistance for short
lines with strong infeed, where the resistive expansion of the
partially-cross—polarised mho may not be sufficient to cover high tower
footing or ground contact resistance.

Only a single main comparator is needed to produce a quadrilateral
characteristic, thus avoiding the race problems associated with
characteristics produced by multiple comparators. As shown in Fig. 20, the
main comparator of Zonme 1 produces the top or 'reactance' line of the
quadrilateral from inputs

Ay = V-1Z
and By = IRy

The vector IRy comprises quantities obtained from the line currents by three
current transformers supplying resistive replica impedances. The voltages
developed across the replica impedances are band-pass filtered to remove
exponential and high-frequency components before being mixed. The top line
moves with active power-flow to avoid the overreach or underreach problems
associated with phase-current-polarised reactance characteristics (2).

The other three sides of the Zone 1 quadrilateral are formed by three
inhibit comparators, that is, comparators without counters arranged to
inhibit the main comparatoer. The main comparator can only count up when the
three inhibit comparators all agree that the impedance is within the
operating zone. The signals used are as follows:

Ay = V-IR |

right-hand 'resistance’' line
By = -1Z
Ay = -17

g left-hand 'resistance' line

By = V+IR
Ay = =12

'directional' line
By = VpoL

Throughout, V is the faulty phase voltage, Vpgp is the partially-cross-—
polarised voltage described under 'Polarising Mixing Circuits' and IZ

is the residually-compensated vector from the transphasors. The IR signal
for the resistance lines is derived from the phase current only, the absence
of residual compensation permitting good phase selection for single—pole-
tripping purposes.

The method of producing a quadrilateral characteristic has several
advantages over other methods: (a) independent settings for reach and
resistance coverage (b) relay characteristic angle can be set to line angle
giving fastest operating speed for solid faults and optimum control of reach
accuracy (c) good operating speed over the whole of characteristic as shown
in Fig. 21.
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The offset quadrilateral characteristic of Zone 3 is produced in a similar
way to that of Zones 1 and 2, except that no directional line is involved
and a further comparator is used for the reverse reach, having vectors

AS = IRN

Bg v+ 12°

il

This is shown in Fig. 22.

CURRENT INPUT CIRCUITS

A novel electromagnetic coupling device known as the transphasor is used for
each current input circuit of SHPM. This circuit produces the IZ vectors
for each phase and for the neutral, as required by the comparators and level
detectors previously described.

The transphasor is based on the summation of two magnetic fluxes. Omne flux
is fixed in phase and amplitude while the other flux is variable in both
phase and amplitude. The variable flux originates from the current flowing
in a constant inductance and variable resistance circuit, following a
semicircular locus as the resistance is changed from infinity to zero. See
FIG. 24.

When the two fluxes are added, the total flux phasor also follows a
semicircular locus. If the magnitude of the fixed flux phasor is made equal
to the radius of the variable flux locus, the total flux phasor forms the
radius of this new semicircle. Hence the magnitude of the total flux
remains constant as its phase angle is varied over 1800,

The circuit is shown in FIG. 23. Two separate ferromagnetic cores are used,
each with an air gap to linearise the reluctance of the magnetic circuit.
The flux summation occurs on core 2. The constant flux originates from the
current flowing in primary 2. The function of the windings on core 1 is to
provide an additional current source to derive the variable flux. The
output voltage of the device is taken from a coil which senses the rate of
change of flux on core 2.

There are two main advantages in using a transphasor instead of a
conventional transformer—reactor (transactor) input circuit.

(a) The constant amplitude phase shifting allows the relay characteristic
angle to be varied without changing the relay reach setting.

(b) The transphasor has much shorter time constant than a transactor
circuit. This is extremely advantageous when the effect of a transient
d.c. decrement in the input current must be removed quickly from the
output voltage so as to maintain fast comparator operating times.

SCHEME LOGIC
SHPM is equipped with integral microprocessor—based scheme logic which

provides five schemes as standard, selected by a pair of thumbwheel
switches ¥ and Y on the front panel of the relay.
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The standard schemes are :

(1) Basic 3-zone distance scheme with variable Zone 2 and 3 delay timers,
switch on-to-fault logic etc. This scheme is included in all the
other schemes.

(2) Permissive underreach scheme. The signal-aided trip is sealed in until
the Zone 2 units reset to allow time for possible breaker failure
protection operation in the event of a breaker failure for a fault
near the remote end of the line.

(3) Permissive overreach scheme incorporating current reversal guard
feature with variable pick-up and drop-out time settings. Also
includes an 'echo' feature for rapid clearance of faults near the
remote end of the line when the remote breaker is open. A switch is
provided to select a 'weak infeed' feature, if required, to allow
fault clearance when the infeed to the fault is too weak for the
relay measuring elements to operate.

(4) Blocking scheme using reverse-looking Zone 3 elements with variable
aided~trip delay timer and current reversal guard feature with variable
time setting. A guard feature for low-infeed through faults is also
incorporated. An optically-coupled isolator is used as a 'channel in
service' input, which, if not energised, causes the blocking scheme to
revert to the basic scheme.

(5) Zome 1 extension scheme not requiring a signalling channel. The
extension of Zone 1 is controlled by an input from the autoreclose
equipment via an optically-coupled isolator. The extended reach is
set by a switch on the front of the relay.

In schemes (2), (3) and (4) the 'signal send' output to the signalling
channel is via a relay contact and the 'signal receive' input is via an
optically-coupled isolator.

Each scheme also provides a choice of three—pole tripping or
single—-and-three pole tripping. Variations on the standard schemes, or
completely new schemes, can be provided by developing special software
programs to suit individual customers' requirements, without any need for
hardware changes.

All schemes have certain common features. These include:

(i) Zome 2 and zone 3 variable time delays, and both variable and fixed
time delays associated with preventing signal race conditions in the
various scheme options. The timers operate as multiples of the time
period of the quartz crystal oscillator which clocks the central
processing unit. Variable timers are set by switches on the front
of the modules. The setting ranges of variable timers, the time
setting of the fixed timers and the function of each timer, can be
altered to suit individual customers' requirements, by changing the
software program.

(ii) Switch-on-to-fault logic allows instantaneous tripping for solid 3
phase close-up faults occurring immediately the transmission line is
energised, where line-side voltage transformers are used. Such faults
may not be detected by the zone 1 comparators in the period before the
synchronous polarisation is established. The logic enables the Zone 3
comparators, which operate for zero-voltage faults because of their



of fset characteristics, to trip instantaneously. Energisation of the
line is sensed by the pole~dead signals from the level detectors.
Under switch-on~to~fault conditions the distance relay gives visual
indications and an external alarm and sends an output to block
auto-reclosing. For lines with bus—bar VTs, line energisation is
detected with the help of an auxiliary contact on the circuit breaker
via an optically isolated input. In this case switch—on-to-fault
indication, alarm and block auto reclose outputs are also available.

Lines which have comparatively large capacitive or magnetising inrush
currents may cause transient operation of a Zone 3 comparator. To
prevent the possibility of a mal-trip, a switch is provided to allow
the current and voltage level detectors to be used in place of the
Zone 3 comparators, as fault detectors for the switch—on-to-fault
logic.

(iii)Logic for other features such as repeat trip contacts, faulted phase
information for a fault locator, indication of fault type and zone,
auto-reclose blocking and various control signals within the relay, for
example control of the extension of Zone 1 in the Zone 1 extension
scheme.

Visual indications of faulted phase and zone, etc, are given by 8
latched light-emitting diodes (LEDs) which are reset by a pushbutton on
the front of the module.

(iv) Power swing blocking of Zone 1, Zone 2 and/or Zone 3, and/or indication
and alarm of the occurrence of a power swing condition.

SCHEME LOGIC INPUTS AND OUTPUTS

The inputs to the scheme logic are as shown in FIG. 25. These are from the
18 comparators, the level detectors and from the outside world via the
optical isolator modules. The optical isolator signals are from the
signalling channel, circuit breaker auxiliary contact, etc. If required,
the functions of the optical isolators can be changed by altering the
software program.

The outputs from the scheme logic are via 18 miniature hinged-armature
relays. The contacts of these relays are used for circuit breaker tripping,
initiating autoreclose, initiating the signalling channel, etc. As the
miniature relays are under the control of the scheme logic, their functions
can be altered, if required, by changes to the software.

INBUILT SUPERVISION AND SELF-TESTING

SHPM includes continuous supervision of supplies and circuits of the relay
which are common to more than one measuring element, such as the level
detectors, synchronous polarising, clock pulses, scheme logic, power supply
unit and d.c. supply to the relay. The voltage transformer supervision
unit, fitted as standard, continuously monitors the voltage circuits

within the relay as well as the voltage supply to the relay.

Periodic self-testing of all 18 relay comparators is done automatically
every 2 weeks, or on demand by pressing and releasing the pushbutton on the
front of the relay. In the case of a comparator failure, diagnostic
information is stored in the relay and can be read by a test option
facility to simplify fault finding. If the self-checking feature is not
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required, however, it can be removed by setting a switch on the front of the
relay.

In the event of a failure detected by the continuous supervision or periocdic
self-testing circuits, the Relay Available LED is extinguished and the Relay
Inoperative Alarm contact is closed. This alarm relay has a normally-closed
contact which is held in an operated state while the SHPM and its supplies
are healthy. 1In the even of failure detected by the voltage transformer
supervision unit, a visual indication is given by the V~s Fail LED, and the
V~ Fail Alarm contact closes. If required, the voltage transformer
supervision unit can be set to block distance comparator operation resulting
from voltage failure, using a switch on the front of the relay.

By announcing relay failure, the supervision and periodic self-testing
features have been shown by Yip et al (3) approximately to double the
availability of the protection under practical conditions (4).

TEST FACILITIES

A comprehensive monitoring system is provided to enable the features of the
relay to be thoroughly tested during commissioning, routine maintenance and
fault-finding operations. The monitoring system includes a 25-way test
socket from which power supply voltages, clock pulse frequency, synchronous
polarising, switch-on-to fault, and many more internal features can be
checked while the relay is on the relay panel and the line is energised. All
these outputs are protected against accidental short-circuits.

In addition, a large number of test options may be selected by the
thumbwheel switches X and Y. The test options allow all inputs to the
scheme logic, such as individual comparators, level detectors, timers,
settings, optically-coupled isolators, etc., to be read during secondary
injection and other off-line tests on the relay. The logic states of these
inputs are displayed on the eight indications LEDs, and are also output via
the 25-way socket.

Further test options enable relay outputs to be tested. Switches SW1 to SW8
are set on or off and when the pushbutton is pressed, corresponding outputs
are sent via the relevant relay output contacts and test socket terminals.

A trip test of the circuit breaker, or test of the signalling channel, can
be performed conveniently by this method.

An additional, 9-way test socket is fitted to the scheme logic module to
allow the thumbwheel switches and the pushbutton to be overriden
electrically. This permits the use of a programmable secondary injection
test set such as that described by Webb (4), so that most commissioning,
routine maintenance testing and fault-finding operations can be performed
automatically to save line outage time.

When a test option is selected, the relay is not available for normal

operation. The Relay Available LED is therefore extinguished and the Relay
Inoperative alarm contact closes.
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TEST INJECTION

Two heavy-duty bridging pieces are fitted on the right-hand side of the
relay. There is an interlock so that no modules can be removed without
first removing the bridging pieces, thereby isolating supplies, inhibiting
all output contacts except the Relay Imoperative alarm countact, and
short-circuiting current transformer connections. Heavy-duty test plugs may
be connected for secondary injection purposes.

The terminal blocks on the rear of the relay have test connections to allow
injection of supplies to optically-coupled isolators without need to
disconnect panel wiring. Monitoring of output contacts can also be done via
these test connections.

MODULAR FEATURES

The relay employs a modular construction using modules which are
individually tested and calibrated in the factory using automatic test
equipment. Modules can be exchanged, if necessary, without any need to
recalibrate the relay. The relay case has standard backplane wiring, on
a multilayer printed circuit board.
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