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1. Introduction

This lecture primarily deals with the application of switched distance protection to medium voltage power systems over the range of voltages 11kV, 22kV, 33kV, to 66kV.

The protection is required for use on cable and overhead line circuits in radial, ring main, interconnected distribution and transmission circuit arrangements.

Switched distance protections have found favour for these circuits due to their budget cost and simplicity in design compared with the more sophisticated, unswitched schemes of distance protection.

It should be noted however that for important transmission circuits very high speed operation or particular system requirements e.g. the use of a directional blocking scheme, may warrant the use of the unswitched protection.

2. General

Let us first consider some points in favour of conventional three zone time stepped distance schemes for M.V. circuits over the traditional I.D.M.T.L. and pilot wire protections. [Reference Figure 1(a)].

I. High speed operation - nominal protection operating times of 30 to 40 milliseconds are obtained for Zone 1 faults.  (With full schemes typical times are 15 to 20 milliseconds).

II. Back-up zones of protections are available and better Zone 2 discrimination may be afforded by time stepped distance schemes for simple radial circuits than with I.D.M.T.L. protection.

III. Suitable for medium and long lines and in special arrangements for short lines.

IV. Suitable for use as a unit type scheme when used with an end-to-end signaling link.  If the link fails with a unit scheme effective protection is lost, but this is not so with distance protection.

V. Suitable for auto-reclosing both three-phase and single-phase if required.

The basic disadvantages which have to be considered are:-

a) Cost compared to I.D.T.M.L. and pilot-wire schemes where pilots are installed with cable circuits.

b) For more important circuits separate line C.T’s and line V.T’s are required, but often existing busbar V.T’s can be used due to the low burden of static relays.

c) Additional signaling link required for use as a ‘unit’ type scheme.

3. Fundamentals and Settings

Distance measurement is based upon the fact that the impedance of an overhead line or cable is directly proportional to its length.  Thus a fault can be detected by measurement of the impedance of the fault loop between the relay location and the fault position, by comparing voltage VF across the fault loop with the fault current IF.  The fault impedance is given by ZF = VF.










IF
The relay is given a setting impedance ZN = VL equivalent to the impedance  
I L


of the line section to be protected.  It operates when the ratio V applied to the relay is less than ZN (i.e. 80% of ZL).
I 

This is simply explained by reference to Figure 4 which shows a single phase system with source voltage VS supplying a load Z LOAD via source impedance ZS and line impedance ZL.  Under normal loading conditions the relay measures V/I = ZL + Z LOAD and will not operate.  Under fault conditions the relay measures VF/IF = ZF and will operate because ZF < ZN.  From the expression VL/IL = 0.8 ZL for relay operation, it can be seen that the voltage is generally regarded as the restraining quantity and the current the operate quantity.

The distance relay relates the fault impedance on the system via the secondary windings of the current transformer and voltage transformer to the relay mimic impedance of the line, ZR [see Figure 1 (b)].

The line mimic impedance on the relay is calibrated in secondary ohms and is equivalent to the positive sequence impedance of the line section.  The relationship between the primary line impedance and equivalent secondary referred impedance ZS is given by:-

ZS = ZP x C.T. ratio


V.T. ratio

The relay settings available are based upon standard C.T. secondary ratings of 1A, 2A and 5A, typical ranges are:-

0.4  ohm. - 47.5 ohm 1A

0.08 ohm. - 9.5 ohm 5A.

The standard V.T. secondary is 110 volts (phase to phase).  Other voltage ratings are in use such as 115 volts and the relay is recalibrated to suit: standard frequencies are 50 and 60Hz.

4. Terminology

Some common terms used in distance relaying are:-

System Impedance Ration (S.I.R.) 
Defined as the ratio of ZS / ZN for the system, where ZS = the source impedance behind the relay location.

ZN = the required relay setting impedance

Both are expresses in primary or secondary ohms, Figure 4.

4.1
Characteristic Impedance Ratio (C.I.R.)

This term has given way to S.I.R. and it is defined as the maximum value of S.I.R. for which the relay Zone 1 accuracy is maintained within specified limits.

4.2
Underreach 

A distance relay is said to underreach when the actual effective reach is less than the nominal reach setting of the relay.  This can be caused by relay errors due to low relay voltage, by errors in C.T.’s and V.T.’s or by particular system conditions for which the impedance presented to the relay for a fault at the nominal reach point is greater than the relay positive sequence impedance setting.

% underreach = Nominal reach setting - effective actual reach 
x
100%

Nominal reach setting

1

Examples

1.  Underreaching occurs when no earth-fault compensation is applied.  The relay measures the earth fault loop impedance and not the positive sequence impedance.

2.  Fault current infeeds from busbars between the relay and the fault result in an increased voltage applied to the relay.

4.3
Overreach

A distance relay is said to overreach when the actual effective reach is greater than the nominal reach setting of the relay, i./e. when the impedance presented to the relay for a fault at the nominal reach point is less than the relay positive sequence impedance setting.

% overreach =  Effective (actual reach) -  nominal reach settings 
x
100%


Nominal reach setting

1

5.
Relay Zone Settings

5.1
Zone 1 Setting

The nominal Zone 1 relay setting of 80% of the feeder impedance embodies a tolerance for:-

i)  Relay inaccuracies under transient and steady state conditions.

ii)  Variation in circuit parameters and non-transposition of conductors.

iii)  Errors in C.T’s and V.T’s.

It ensures that discrimination with the next line section is obtained as shown in Figure 2(a).

Settings greater than 80% are possible, but to ensure that the relay does not overreach into the next busbar the impedance of the protected feeder must be accurately known.

In the case of a teed feeder the impedance setting should be approximately equal to 80% of the positive sequence impedance to the nearer of the remote ends.

5.2
Zone 2 Setting

It is essential to cover the remaining 20% of the line section in Zone 2 reach.   The normal practice is to make the Zone 2 setting equal to 120% of the positive sequence impedance of the protected feeder.  However, a compromised setting may be necessary if the adjacent line section BC is short and the protected line long.  The Zone 2 setting should then not exceed a reach of 50% into the adjacent line.  The Zone 2 is also time delayed to discriminate with the Zone 1 on line section BC.

For teed feeders the effect of infeeds at the tee-po0int must be allowed for as shown in Figure 2 (a), choose the setting for maximum infeeds but take care it does not encroach onto the second zone of the distance protection of adjacent feeders for minimum fault infeed conditions.


The Zone 2 relay setting is normally a multiple of Zone 1, i.e.


Zone 2 multiplier =
Zone 2 impedance setting


Zone 2 impedance setting

and a typical multiplier range is 1 to 6 times Zone 1 setting.  Normally the Zone 2 reach will be set so that it does not extend beyond a power transformer, but should a particular application require an extended reach of this nature, then care should be taken to time grade the protection accordingly.

5.3
Zone 3 Setting

The setting of Zone 3 depends upon the system adjacent to the protected feeder and the amount of back-up protection required.  It is time delayed to discriminate with Zone 2 and give back-up protection on the protected feeder the Zone 3 setting should be in excess of Zone 2 setting.  Care should be taken to grade Zone 3 setting with he rest of the system.  In addition, the Zone 3 is often set with a small reverse reach to cover the local busbars.

Infeeds should be allowed for as shown in Figure 2 (b).

The Zone 3 settings are normally a multiple of Zone 1 setting with a typical range of 1 to 10 times.

5.4
Zone 4 Setting

Where Zone 4 is fitted, it has either a definite time delay from the starters or is a separate reverse reaching zone for graded clearance of busbar faults.

In the former case the zone reach will be that of the starting elements and this should be checked for cut-off at the desired reach.  The time setting should be graded with the rest of the system.  It’s application as a back-up zone is restricted by the number of infeeds on interconnected systems, it should however be time graded with Zone 3.  It’s most useful role is on radial systems where it can be arranged to give back-up for remote circuits.

The reverse reaching Zone 4 element should be carefully graded with existing busbar protection if supplied.  Where it is the only busbar protection a fast operate time is advisable.

6.
Mutual Coupling Effects

With a double circuit line the Zone 1 setting of 80% of the feeder impedance will vary for an earth-fault from 65% to 100%.  Although the relay can theoretically extend to 100% line reach it cannot operate for faults outside the line even with the parallel line open.

Therefore mutual coupling effects can be ignored provided a Zone 1 setting of 80% is chosen.

7.
Switched Distance Protection

Switched distance protection is available in many shapes and sizes, the former depending upon the type of characteristics used for the starters or fault detectors and main measuring element and the latter upon the construction; whether electromechanical or static and the facilities offered with the scheme.

The early forms of switched distance protection specifically intended for M.V. systems comprised a very basic system of the measuring element/s, starting elements and essential switching of circuits and output functions only, in one relay case, Figures 3 (a) & (b).

Where additional features were required e.g.

1.  V.T. fuse supervision

2.  Directional earth fault elements

3.  Reach extended Zone 1 for single-shot, 3 phase auto-reclosing

4.  Power swing blocking

5.  Single-phase tripping functions for auto-reclosing

Separate equipment was used to augment the scheme, but involved accommodation problems.

More recent developments using static equipment and modular construction have enabled these features to be incorporated inside the basic relay housing and offered on an optional basis depending upon the specific application requirement.

This makes the switched scheme more compact, flexible and attractive for the protection of M.V. transmission circuits without recourse to unswitched schemes. 

8.
Characteristics

A wide range of characteristics have evolved either for general use or, as solutions to specific application problems.  The more common characteristics from which the Applications Engineer must choose are detailed in Figure 3 

(1-9) and are:-

1.  Self polarised mho

2.  Reactance

3.  Compounded mho

4.  Trapezoid

5.  Voltage dependent overcurrent characteristic

6.  Plain impedance

7.  Offset mho earth-fault compensated only in forward direction

8.  Cross polarised mho - fully earth compensated

9.  Shaped offset - earth fault compensated only in forward direction

From practical limitations therefore a characteristic or combination of characteristics must be utilised which exhibit a universal application. From experience in the field the cross-polarised mho characteristic with its increased resistive coverage for increase in S.I.R. has gained general acceptance for most applications on the M.V. system.

The preferred protection arrangement comprises three zones of time stepped distance measurement.  This is achieved from a single polarised mho measuring element phase switched by starting elements and zone switched by timers operated from the starters.  [reference Figure 3(c)].

9.
Choice of Starting

The choice of starting element is varied depending upon the system earthling and normally falls into three categories:-

10.
Type of Earthing





Category of Starting
Solidly earthed at one point
Overcurrent starting as phase and 


earth fault current are greatly in 



excess of maximum load current.  

Resistance earthed

Overcurrent and supplementary 



phase to earth under voltage and 


neutral current starting, as the earth 


fault current is limited primarily by 


the earthing resistor to normal load 


current. Figure 8.

Solid multiple earthed
Under impedance starting as both 


phase and earth currents may be of 


the same or less magnitude as load 


current.

It should be noted that whenever the increase in fault current or decrease in earth-fault-voltage are not sufficient to guarantee operation of the respective starting elements, under impedance starting is necessary.

Therefore to take account of future system expansion or onerous operating conditions caused by interconnection with other systems, impedance starting is recommended even on the simpler from the very outset.

On solid multiple  earthed systems where load encroachment is a problem or better discrimination with power swing blocking is required, an offset mho impedance starter characteristic is an advantage.  It also affords a degree of immunity from sound phase currents and is therefore more suitable than the plain impedance characteristic or voltage controlled overcurrent  elements neither of which have earth-fault compensation (reference Figure 2 (7).

11.
Supplementary DEF

Where very high resistance earth faults occur in systems with wooden poles and no earth wires supplementary directional earth fault elements are an advantage.  They can be arranged for instantaneous operation in a directional comparison mode of operation with a signaling link as back-up protection with a definite time delay.

12.
Distance Protection with End-to-End Signaling

Conventional time stepped distance protection systems having Zone 1 settings of 80% of the line impedance give high-speed isolation for only the middle 60% of circuit faults.  The 20% end sections are therefore tripped sequentially with fault clearance in Zone 2 time (0.3 to 0.4 seconds).

High speed protection over the complete feeder length however, may be essential for one or more of the following reasons:-

1.  To minimise damage to the circuit especially cables and associated plant by limiting the duration of the fault current.

2.  For high-speed auto-reclosing where sequential tripping of the feeder circuit breakers, would result in reduced deionisation time for the fault arc  and could jeopardise successful auto-reclosing for transient faults.

3.  Transient faults may develop to multiphase or permanent faults if not cleared quickly.

4.  For stability on interconnected systems.

It is therefore necessary to adopt a unit type of protection arrangement with a signaling link to compare the conditions at the two ends of the circuit.

A clear distinction must be drawn between the use of signaling equipment with distance protection which uses the link to give a command signal only and the quantitative information normally required by differential unit protection for its operation.

Distance operation has the advantage over unit protection in that it still operates in its back-up zones for link failure or circuit-breaker failure.

There are two main methods of achieving high-speed tripping over the full feeder length, with end-to-end signaling links, namely:-

a)  Intertripping schemes - Permissive Underreach/Acceleration and 


Permissive Overreach

and

b)  Blocking schemes

In the intertripping schemes the signal is transmitted through the faulty line section.  With present techniques transmission through the fault can be guaranteed.

The permissive intertripping schemes are readily applied to simple double-end-fed circuits and their mode of operation in such an arrangement will be discussed later in more detail.  Of the permissive tripping schemes the under-reach arrangement is most popular because it is the faster arrangement and requires simpler signaling equipment.

Where weak or no infeed conditions may result on a simple circuit due to particular system operating conditions or, very high Zone 1 settings are required for use in a permissive overreach scheme, simplified blocking schemes may be considered for use with a switched distance protection.

In applying a simplified blocking scheme careful co-ordination of settings and system fault analysis is required which may lead to restrictions on system operating conditions.

Alternatively, where difficult operating conditions prevail on double-end or three-ended circuits, distance signaling schemes employing a blocking scheme with reverse reaching directional impedance elements may be warranted.

These facilities are normally supplied in full distance protection schemes.

12.1
Types of Signaling Link

The most common forms of signaling link are:-

1.  High frequency such as power line carrier or radio frequency.

2.  Voice frequency using private or rented pilots.
3.  Fibre Optic equipment using a multiplexer.
Varied link signaling times of 10 to 40 milliseconds are used for 1 and 2 with as fast as 5ms for fibre optic systems.

13.
Optional Features

A supplementary section is appended which details the optional features required with distance protection in particular.

Line check (tripped on closing) A.C. and D.C. versions

Voltage transformer supervision

Directional earth fault elements

Power swing blocking

The single phase tripping output required for High Speed Automatic reclosing are provided in the distance protection with phase segregated tripping outputs and 2 out of 3 trip logic to obtain a 3-phase trip for a multiphase fault.

The Reach extended Zone 1 feature is a very simple device which is used for single shot three-phase automatic reclosing where a signaling link would prove too expensive.

Two basic distance protection auto-reclosing applications with fault-throwing switches and automatic disconnectors (spring charged) or motorised isolators is shown in Figures 6 and 7.  Figure 6 has reach extension fitted and Figure 7 is a plain distance arrangement without signaling equipment commonly found at lower system voltages.

14.
THR Phase Selected Protection

14.1
Information required when ordering

1.  Nominal current rating 1A, 2A or 5A

2.  Frequency 50Hz or 60Hz.

3.  A.C. System voltage (3 single phase V.T’s or a five limb V.T.) and whether busbar V.T’s or line V.T’s

4.  Zone 1 impedance setting 0.08 to 9.5 ohms, 0.16 to 23.75 ohms or 0.4 to 47.5 ohms: state line C.T. secondary rating for neutral current relay rating typically 1A or 5A.

5.  The protection can be provided with a number of features, AC line check, Power Swing Blocking, Voltage Transformer Supervision, Directional Earth Fault or Dual DEF.

6.  Number of zones THR3PE1 three zone or THR4PE 2 four zone and whether required for use with a signaling link in permissive underreach, Accelerated Zone 2, permissive overreach or Directional Comparison Blocking Scheme (THR4PE2)

7.  Voltage of d.c. supply for Power Supply units, d.c. line check, signal receive, reach extension, protection blocking or signal receive elements (any 3 coils)

8.  Test Card  for access to d.c. test points and HG2 test plug for a.c. secondary injection.

Should difficulties arise in specifying any of the above items, advise on the application of the type THR phase switched protection will be give on request if the following information is supplied:-

a)  Voltage transformer ratio and secondary rating.

b)  Current transformer ratio and secondary rating.

c)  Current transformer knee point voltage and winding resistance.

d)  Positive and zero sequence impedance of the protected feeder, or full details of feeder length and construction, to enable this information to be calculated - including ground resistivity.

e)  Source impedance’s or fault levels for both minimum and maximum plant conditions.

f)  Method of earthing the system.  If multiple and solidly earthed, state maximum expected sound phase currents.  If resistance give details of earthing resistors.  If Peterson coil, state if the Peterson coil has facilities for short circuiting.

g)  Maximum load current of the circuit.

h)  Preferably a single line diagram of the system should be provided giving such details as the number of parallel feeders, position of C.T’s and V’T’s and system interconnection.  Where feeder transformers are protected the winding details, earthing and percentage impedance’s should be given.  Details of overload ratings of the feeder transformer circuits are necessary where one circuit is out of commission and the other is overloaded to typically 150%.  Where the impedance settings are required to reach through transformers the remote system details/protection/grading times should be provided.

i)  Special features such as a reach extension of zone 1 setting to increase the zone 1 impedance reach above the standard ranges quoted or the application of zone 4 as a back up or busbar protection will be advised for particular installations.
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