

REYROLLE PROTECTION

POWER SYSTEM PROTECTION COURSE


© 2000 VA TECH Reyrolle Ltd

The Copyright and other intellectual property rights in this document and in any model or article produced form it (and including any Registered or unregistered design rights) are the property of VA TECH Reyrolle Ltd.  Neither this document nor any part of it shall be reproduced or modified or stored in another form, in any data retrieval system without the permission of Reyrolle Limited., nor shall any model or article be reproduced from this document unless Reyrolle Limited consent.

VA TECH Reyrolle Automation, Control & Protection

Reyrolle Protection

PO Box 8, Hebburn, Tyne & Wear, NE31 1TZ

Telephone: (0) 191 401 1111. Fax: (0) 191 401 5575

E:mail: marketing.acp@vatechuk.com


Protection of Distribution Systems

31.
INTRODUCTION

2.
SYSTEM FAULT LEVELS
4
3.
SYSTEM EARTHING
5
4.
BUSBARS
6
4.1.
Substation Busbar Arrangements
6
4.2.
Busbar Protection
7
4.2.1.
HV Busbar Protection
7
4.2.2.
MV Busbar Protection
7
5.
FEEDERS
8
5.1.
Overcurrent and Earth Fault Protection
8
5.2.
Sensitive Earth Fault Protection
10
5.3.
Earth Fault Passage Indicators
11
5.4.
Neutral Voltage Displacement Protection
11
5.5.
Distance Protection
12
5.5.1.
Time Stepped Distance
12
5.5.2.
Zone Extension Scheme
12
5.5.3.
Signalling Schemes
12
5.6.
Unit Protection
13
5.6.1.
Transmission Media
13
5.6.2.
Solkor Rf Protection
13
5.6.3.
Solkor M Protection
13
6.
TRANSFORMERS
14
6.1.
Differential Protection
14
6.2.
Restricted Earth Fault Protection
15
6.3.
Overcurrent Protection
15
6.4.
Directional Overcurrent Protection
16
6.5.
Standby Earth Fault Protection
17
6.6.
Mechanical Protection
18
6.6.1.
Winding Temperature Protection
18
6.6.2.
Gas Generation and Oil Surge Protection
18
6.7.
Protection Schemes
18
7.
TRANSFORMER FEEDERS
19
7.1.
High Set Overcurrent Protection
19
7.2.
Distance Protection
20
8.
SYSTEM AUTO-SWITCHING
20
8.1.
HV Auto-Reclosing
20
8.2.
MV Auto- Reclosing
22
8.3.
Sectionalisers
22
8.4.
Auto-Isolation
22
8.4.1.
Transformer HV Isolators
22
8.4.2.
Intertripping and Auto-Reclose
23
8.4.3.
Trip Relays and Trip Relay Resetting
23


1. INTRODUCTION

The primary aim of any electricity supply system is to meet all customer demands for energy. Power is generated wherever it achieves the most economic selling cost overall. The transmission system is used to transfer large amounts of energy from the main generation areas to major load centres. Distribution systems carry the energy to the remotest customer, using the most appropriate voltage level. Extra high voltage (>300kV) is used for the transmission of very large amounts of energy over long distances. EHV interconnections have been constructed between regions and countries in order to achieve the most economic use of generation and transmission plant overall, and to cater for temporary shortages of plant in any region.

High voltage (HV) distribution networks transport large amounts of power within a particular region and are operated either as interconnected systems or discrete groups. Below the HV system there can be two or three distribution voltage levels to cater for the variety of customers and their demands. In general medium voltage (MV) and low voltage (LV) networks are operated as radial systems.

Figure 1 illustrates the interconnection of the various networks. The HV networks are supplied from EHV/HV substations which themselves are supplied by interregional EHV lines. HV/MV transforming substations situated around each HV network supply individual MV networks. The HV and MV networks provide supplies direct to large customers, but the vast majority of customers are connected at low voltage and supplied via MV/LV distribution substations and their associated  networks.

With increasing dependence on electricity supplies, the need to achieve an acceptable level of reliability, quality and safety in an economical manner becomes even more important to customers. A priority of any supply system is that it has been well designed and properly maintained in order to limit the number of faults that might occur. Among the principal causes of faults are lightning discharges, the deterioration of insulation, vandalism and contact with the electrical circuits from vegetation and animals. The majority of faults are of a transient nature and can often be cleared with no loss of supply, or just the shortest of interruptions, permanent faults result in longer outages. Protective relays initiate the isolation of faulted sections in order to maintain continuity of supply elsewhere on the system. 

A properly co-ordinated protection system is vital for ensuring that an electricity distribution network can operate within the requirements for safety of individual items of equipment, staff and public and the network overall. Automatic operation is necessary to isolate faults on the network as quickly as possible in order to minimise damage. The economic cost and benefits of a protection system must be considered in order to arrive at a suitable balance between the requirements of the scheme and the available financial resources.

The above statement is accounted for by the very large number of switching and distribution points, transformers and feeders, as compared to the transmission system, and the reduced importance that this naturally gives to these components. In consequence, the protection may be the barest minimum consistent with safety requirements and standards of the relevant utility.

Speed of fault clearance is not as important a factor as it is in transmission systems where system stability is involved. It has importance, however, in cable systems where the fault current is high, as in cables outgoing from the larger bulk-supply points. Because the cable runs are generally short, pilot wires are not unduly expensive if laid with the cables and can be considered to enable unit systems to be used when speedy clearance is needed.

Back-up protection can be much simpler and often inherent in the main protection. A high degree of reliability is desirable, but the consequence of a mal-operation or a failure to operate are in general less serious than those of a like kind in transmission systems. Fuses can often be used instead of circuit breakers and protective equipment. Metal-clad construction reduces the risk of inter-phase faults.

Typically for transmission and sub-transmission systems national documentation exists to standardise protection application this is not the case at lower voltage.  The design of protection schemes at medium voltages (e.g. 33kV and below) have resulted from the individual requirements of the utility concerned.

2. SYSTEM FAULT LEVELS

HV distribution system fault levels have tended to rise over time with the introduction of higher voltage transmission systems, increased supergrid transformer capacity and more network interconnection.  The increase in fault levels has been accompanied by advances made in circuit breaker design.

Where multiple solid earthing has been adopted, system earth fault levels generally exceed three phase fault levels by a factor of around 1.2. 

The increase in fault levels has naturally had a significant effect on CT and protection design. CT ratios have had to increase with the increasing fault levels - if CTs with a low ratio remained in service the equivalent secondary fault current would be too high and could lead to C.T. saturation or the instability of unit protections.
Three phase fault levels on the MV distribution system are largely influenced by the number of transformers operating in parallel on the busbar and their impedance.

Engineering guidelines are generally provided which limit the ranges of transformer impedances to contain the 3-phase fault level of busbars at lower voltage levels to a specified maximum.

3. SYSTEM EARTHING

LV systems are earthed to prevent injury to personnel and limit damage to plant. With HV systems limitation of plant damage becomes a major objective.

During normal system operation the method of system earthing has no effect, but has an influence during earth fault conditions. The majority of faults on a power system are earth faults so system earthing requires careful consideration.

The power system must be designed to withstand any overvoltages and fault currents that can occur during earth faults. The protection must be able to detect the currents or voltages that identify an earth fault.

Generally, if a system is solidly earthed or earthed through a low impedance device, the fault current is high, the current can easily be detected but the damage caused by the fault current at the point of fault is also high. If a high impedance earth connection is used, or the system is unearthed the earth fault current will be relatively small, or negligible, but the resulting overvoltages on the healthy phases may be high and can result in the fault spreading to other phases if special precautions are not taken. Protection applied to impedance earthed systems requires a considerable difference between phase fault and earth fault sensitivity.

Earth connections arrangements are shown in figure 3 and can be classified as follows:

Solid or Direct

A solid connection between the system neutral and earth provides the minimum earth current impedance.

It is common for HV distribution networks to be solidly earthed. Reasons for solidly earthing systems are - capital cost savings, selective clearance of faulty plant facilitated, less likely to be subject to dynamic surge voltages, less interference is likely with telecommunication networks.

Low Resistance

Distribution transformers are commonly earthed on their low voltage side through earthing resistors either directly or via earthing transformers. This practice seems to have originated from the desire to limit the ground fault current in view of the slow acting protection and the capacity of older switchgear.  In addition the lead sheaths of older cables are protected from overheating during the fault.

The resistor is a short time rated device sized to limit the earth fault current to a pre-determined value. This resistor design value is chosen to ensure sufficient current is available so that effective current grading can be achieved between relays on the distribution network and to limit the fault current in the immediate neighbourhood of the earthing point to the rated transformer current.  The resistors used are commonly of the sodium-carbonate-water type This method is generally considered to be an effectively earthed system and ensures arcing earths do not cause sufficient transient overvoltage.

The MV distribution system is commonly resistance earthed and hence earth fault levels are substantially below 3 phase fault levels. 
High Resistance

Normally sized to limit earth fault current to a low value so that fault damage is limited and the risk of fire/explosions due to an arcing earth fault is minimised, typical values are 5 – 100A. Values less than 10A will not result in any significant ionisation of metal at the point of arcing. 

Damage to plant such as generators, motors and transformers for winding short circuits is limited if this method of earthing is adopted as compared to low resistance or solid earthing. At these levels i.e. less than 10A, the fault detection system can be employed to alarm rather than trip.

Depending on the network configuration the low value of maximum fault current may still be sufficient to allow effective d.t.l. grading of overcurrent type earth fault relays.

Reactance

May be used in place of resistance earthing, they are usually smaller and less expensive, but can result in or cause high overvoltages.

Arc Suppression or Peterson Coil

A special case of reactance earthing where the inductive reactance is chosen to be equal in value to the system capacitive reactance to earth - the reactor is normally supplied with taps to allow the reactor impedance to be selected. This method can make arcing faults self extinguishing. The earthing reactors may be short time or continuously rated. For short time rated reactors if the fault has not extinguished after a certain time the reactor is shorted.

Transformer

Where the lower voltage winding is delta connected it is necessary to provide an earthing transformer to make a star point available for earthing the system, to control the insulation stress and for the operation of protective gear when earth faults occur.  Auxiliary supplies for driving the transformer cooling equipment and other purpose in the substation, may be provided by combining the earthing and auxiliary power supply requirements in a single inter-star/star connected transformer.  The transformer presents a low impedance to the flow of earth fault (zero sequence) current. To limit the value of fault current, resistance may be inserted between the neutral point and earth or in the lineside phase connections.

4. BUSBARS

4.1. Substation Busbar Arrangements

The between security and flexibility versus economic considerations is taken into account. At the higher voltages or for more important installations double busbar stations are common. At lower voltages single busbar substations are widely used, the busbar however may be sectionalised to improve flexibility. Many designs are in service, single switch and three switch designs being common, this achieves economy in the number of circuits to circuit breaker ratio, however presents some complication for the protection arrangements.

4.2. Busbar Protection

Busbar faults are statistically a small portion of system faults, however, the consequences of a busbar fault can lead to widespread disruption. Provision of busbar protection depends upon the relative importance of the busbar under consideration.

4.2.1. HV Busbar Protection

Due to the relative importance of HV busbars, dedicated busbar protection is almost universally applied.

High impedance protection is widely used, as this provides a good performance/cost compromise, particularly since at distribution level the relays are not duplicated  as is usual on transmission system busbars.

The relatively high cost of low impedance protection means that it is not commonly seen on distribution substations – the exception being when very high reliability is required.

4.2.2. MV Busbar Protection

A high proportion of MV substations are not equipped with dedicated busbar protection as the cost of relays and CTs is difficult to justify.

Increasingly schemes of blocked overcurrent protection are being applied. Modern numerical relays facilitate these schemes at a relatively minor cost – the cost of wiring and installation only, as, the relays and CTs are already in place used for circuit overcurrent protection.

5. FEEDERS

By far the most common form of feeder protection at distribution voltage levels is provided by overcurrent and earth fault relays.

At HV levels it is common to provide both  “main” and “back-up” protection on each feeder.  The main protection would be pilot-wire, distance or high-set overcurrent with IDMT overcurrent and earth fault relays used for the back up protection.

5.1. Overcurrent and Earth Fault Protection

To permit some abnormal variation of load overcurrent starting elements must be given settings which are higher than the greatest load, whilst still ensuring that a degree of overload protection is provided. The relay resetting current must also exceed the peak load.

Settings should not be higher, however, than is necessary to comply with the above requirement with a reasonable margin. The assessment of maximum load of most distribution systems is based on a large diversity factor. The distribution system can carry a moderate overload for a considerable time, but it is desirable for heavy sustained overloads to be tripped.

Grading is considered for the radial system shown in fig 5.1a. The range of fault current must first be established.

Maximum fault current for a three-phase short circuit at each substation in turn is calculated. It is convenient to express the 33kV system and the 33/11kV transformers as percentage impedances on a base of 100MVA to obtain the fault power at ‘A’. The equivalent star impedance behind ‘A’ is determined, to which value the impedance of the following feeder sections is added and the fault current calculated at each subsequent substation.

Minimum fault current is calculated for the condition of one 10MVA supply transformer being disconnected. It is reasonable in this case to exclude the reduction in fault MVA which might be caused by a simultaneous loss of one 33kV incomer.

Maximum load currents are shown in fig. 4.3e: making the assumption that these loads are coincident and of similar p.f. the values are summated to give the feeder section loads. Current transformer ratios have previously been chosen.
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33kV Bus
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11kV Bus











CB ‘A’
41.67
76.67
0.5042
0.9277
12596
6846
390
400/5
125
500

CB ‘B’


1.104
1.528
5753
4156
225
300/5
100
300

CB ‘C’


2.204
2.628
2882
2417
130
200/5
75
150

CB ‘D’


4.504
4.928
1410
1289
50
100/5
125
125

Bus ‘F’


10.144
10.568
626
601
50




Grading starts at the most remote station by choosing a suitable relay operating time. A short circuit immediately after the fuse will be cleared by the fuse in approximately 0.1s. Since only relay overshoot has to be added, a relay operating time of 0.2s is sufficient for discrimination.

The maximum 11kV fault current for the fault beyond the transformer (Bus F) is 626A, corresponding to a p.s.m. equal to
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An IDMT curve gives a relay operating time of 4.3s. The Reyrolle Protection Argus relay has a time multiplier setting range of 0.025 to 1.6 in steps of 0.025. A setting of 0.05 gives an actual operating time (TA) of 





4.3 x 0.05 = 0.215s

This value is greater than the value chosen above (0.2s) and is therefore satisfactory to discriminate with the fuse.

A fault on section DE close to D will result in a maximum current of 1410A, corresponding to a p.s.m. of 11.3 and a nominal operating time (TC) of 2.82s. The t.m.s is 0.05 as before, so that the actual time 

(TA) = TC x t.m.s. = 2.82 x 0.05 = 0.141s.

The next relay nearer the source at C will carry the fault current and must discriminate. Allowing 0.4s grading margin, this relay should have a prospective operating time of 0.141 + 0.4 = 0.541s. Relay C has a p.s.m. = 1410/(200 x 0.75) = 9.4 under this condition, for which the curve time is 3.1s. Relay C must therefore be given a time multiplier setting = 0.541/3.1 = 0.175.

When a fault is placed close to station C the fault current becomes 2882A equivalent to a p.s.m. of 19.2 and a curve time of 2.3s. The t.m.s. has already been chosen above to be 0.175 in order to grade with relay D, so that the operating time is now

TA=  2.3 x 0.175 = 0.4s.

The process of grading relays B and A is similar to the steps set out above; the complete grading calculation is set out in the table below, and the results illustrated in fig. 4.3f.

Relay

Location
Relay

Setting

Prim. A
Fault close to station



F
D
C



p.s.m
TC
t.m.s
TA
p.s.m.
TC
t.m.s.
TA
p.s.m.
TC
t.m.s.
TA

D
125
5.01
4.3
0.05
0.215
11.3
2.82
0.05
0.141





C
150




9.4
3.1
0.175
0.541
19.2
2.3
0.175
0.4

Location
Relay

Setting

Prim. A
Fault close to station



C
B
A



p.s.m
TC
t.m.s.
TA
p.s.m.
TC
t.m.s.
TA
p.s.m.
TC
t.m.s.
TA

B
300
9.61
3.02
0.275
0.831
19.2
2.23
0.275
0.63





A
500




11.5
2.8
0.375
1.05
25.2
2.0
0.375
0.75

Time and Current Grading of Inverse Time Earth Fault Relays

The setting of overcurrent relays has to be carried out twice, once for the phase relays and then repeated for earth fault relays. The maximum phase to earth fault current levels are used for setting the earth fault relays.

The time/primary current characteristics may not be as accurate as those for phase fault relays, this is exacerbated with older electro-mechanical relays having higher ac burdens. The ratio error of the current transformers at relay setting current may be very high. The use of longer grading margins should be considered to allow for the greater errors.

Protection sensitivity is independent of continuous load current values and low pick-up settings may be used.

Since earth faults are not transferred through system power transformers connected delta-star or delta-delta, the earth fault protection for each system voltage level may be independent of earth fault protection at other voltage levels. Fig. 4.4 illustrates a typical industrial site with separate earthing systems at each voltage level.

5.2. Sensitive Earth Fault Protection

Normal earth fault protection is based on the assumption that fault current flowing to earth will be determined by the earth fault impedance of the line and associated plant. In some localities, however, the nature of the ground or vegetation may be such that an effective earth connection is not made and a system fault to earth may result in a current too small to operate the normal protective system. The circuit will, therefore, not be isolated and the conductor will be maintained at normal phase voltage thereby constituting a serious danger.

Sensitive earth fault relays must be used to detect these faults. At very low current settings the burden imposed by some relays on the current transformers may cause the effective current setting to be unacceptably high. Relays with very low burdens are utilised to provide the sensitive setting. 

SEF relays have a definite time lag characteristic. They perform a back-up function, supplementary to the main protection, and are therefore given a time delay of several seconds, long enough to ensure that they do not interfere with the normal discriminative protection. Although not suitable for grading with other forms of protection. sensitive earth fault relays may be graded as an independent system.

The limit in current sensitivity is not decided by the capability of the relays themselves but by the residual unbalanced capacitance and leakage currents that may flow in a healthy line, for which tripping is not required. This primary residual current is usually determined only by test when the relay is installed. A relay setting is chosen which is as sensitive as possible, while remaining safe from unwanted operation.

5.3.  Earth Fault Passage Indicators

Where it is impractical to fit protection and/or circuit breakers earth fault passage indicators are sometimes fitted. Earth fault passage indicators assist with faster restoration of supplies after a fault.

Indicators are used with a core balance current transformer which can be clipped around a distribution cable at the switchgear end. Earth fault current passing through the indicator CT produces an output from the CT which in turn causes operation of the indicator and possibly alarm output contacts. Systems are available which utilise mains signalling methods, this allows remote interrogation of operation status. 

5.4. Neutral Voltage Displacement Protection

If an earth fault occurs on a feeder connected at its remote end to an unearthed transformer winding (e.g. the HV winding of a 33/11kV transformer) then fault current flows via the source circuit breaker and is detected by the source protection.  The circuit breaker trips and for a single radial fed circuit it becomes dead, If however the circuit is interconnected on its LV side or has another power source (e.g. embedded generator or teed connection) then it will remain alive unless:-

i) the feeder protection is of the unit type and simultaneously opens the feeder source and transformer LV circuit breakers, or

ii) the protection at the feeder circuit breaker intertrips to the remote and circuit breaker/s, or

iii) protection is installed at the transformer site capable of detecting the earth fault condition.

It is essential to ensure that the unearthed winding cannot remain energised under system earth-fault conditions. This condition will result in danger to life and possible hazard to the sound phases due to intermittent arcing via system earth capacitance.

In the case of a 33kV earth fault no current flows from the LV side of the transformer to the HV side the usual method adopted is to provide a protection which measures the 33kV residual voltage. This protection – Neutral Voltage Displacement (NVD) – utilises either voltage transformer or coupling capacitors. Typical arrangements are shown in fig. 5.4.

If the transformer has an HV star winding, with the star point available, then a single phase VT may be used connected between star point and earth.

Under normal conditions the NVD relay measures zero voltage but for a feeder earth fault this voltage can rise to the equivalent of 3 times the normal phase-earth voltage.

The relay will operate for external as well as internal feeder faults and must, therefore, be provided with a time delay to ensure discrimination.

Overcurrent protection is not applicable to these circuits since the earth fault current is small or zero.

5.5. Distance Protection

5.5.1. Time Stepped Distance

One of the main disadvantages of conventional time stepped distance protection as illustrated in figure 5.1.1 is the fact that the instantaneous zone 1 of the protection at each end of the protected line cannot be set to cover the whole of the feeder length and is usually set to about 80%. The two end zones of about 20% of the feeder length, when faulted are cleared instantaneously from the local end (zone 1), but in zone 2 time (about 0.5s) from the remote end. This may reduce the possibility of successful auto-reclosing e.g. if high speed auto-reclosing is used a much reduced dead time results at one end therefore ionised gases have less chance to clear.

5.5.2. Zone Extension Scheme

This scheme may be used where a signalling channel is not available and the distance relay is used in conjunction with an auto-recloser. Zone 1 of the distance relay has two settings, the basic seeting of approximately 80%, and, an “extended zone 1” setting equal to 120% of the protected line. Zone 1 is normally set at the extended setting and reset to the basic value when a command from the auto-reclose relay is received.

The disadvantage of the extension scheme is that external faults, at the local end of the adjacent line section results in unnecessary tripping of a healthy line circuit breaker thereby increasing system disruption and the amount of circuit breaker maintenance required.

5.5.3. Signalling Schemes

The addition of protection signalling equipment such as in permissive tripping and blocking arrangements provides a comprehensive protection system:-

I. High speed tripping over the whole feeder length

II. Back up protection to adjacent feeders – from zones 2 and 3.

5.6. Unit Protection

5.6.1. Transmission Media

An essential feature of feeder unit protection is the provision of a channel over which information can be passed between ends. A relaying point is provided at each circuit breaker , each relaying point being provided with information about the other in order to assess this information together with its own and to trip or stabilise as the case may be. Attenuation, distortion and delay in transmission are all important to some degree because significant distances are involved.

There are three main types of information channel used for protection:

(a) Auxiliary Conductors

Includes metallic pilots either privately owned or leased.

(b) The Main Conductors

Includes PLC signalling, or the deliberate disturbance of the system by a fault throwing switch.

(c) Aerial Transmission

Includes radio and satellite links

5.6.2. Solkor Rf Protection

Solkor Rf uses summation transformers which converts the three phase inputs to a single phase output. The system requires a pair of metallic pilots for interconnection between ends.

Solkor Rf is a simple, robust system which has performance which is adequate for distribution systems. Earth fault sensitivity ranges from 25% to 42% depending on the faulted phase, phase-phase faults from 62% to 125% and 3-phase faults have a 72% sensitivity. The Solkor Rf will typically operate in 45ms.

The basic Solkor system is insulated against induced voltages of up to 5kV. 15kV insulation is optional and typically used where feeder lengths are long or through fault levels high.

The Solkor Rf relay can be supplemented by pilot supervision, overcurrent guard and intertripping ancillary components.

5.6.3. Solkor M Protection

A numeric protection with an algorithm based on the Solkor Rf principles.

Solkor M uses a VF communications link between relays at each feeder end.

6. TRANSFORMERS

The degree of protection provided depends to a great extent upon the size and functional importance of the transformer. For large units high speed protection is essential, at medium voltage and lower the minimum protection is usually provided consistent with acceptable overall performance. Smaller transformers are often equipped with fuses rather than circuit breakers.

Typically HV distribution transformers have ONAN/OFAB cooling.  For an installation with a typical daily load curve (100% load for 6 hours falling to 605 for 18 hours) an overload capacity of 30% is assured.  A winding hot spot temperature of 120°C is accepted under these conditions.

Modern transformers rated above 5 or 10 MVA are typically equipped with OLTC with a tapping range of + 10% to –20% in 18 steps, i.e. 1.67% voltage per step. 19 tapping positions are used, the tapped winding being the HV winding, neutral end.

6.1. Differential Protection

Biased differential protection is applied to 2-winding transformers. Biasing allows the relay to provide a low fault setting and high operating speed whilst tolerating current unbalance caused by transformer on-load tap changing facilities.

A high-speed biased differential relay incorporating a harmonic restraint feature will prevent relay operation during magnetising inrush current conditions. The initial peak value of the inrush current in any phase depends on such factors as the instant of switching, and the magnetic condition of the core. Maximum peak values equal to 6 – 8 times the rated current of the transformer can occur. Insofar as the inrush current affects the operation of transformer differential protection relays, two aspects are of significance. First, that this current flows in one winding only of the power transformer (the winding being energised) and therefore appears to the protection as an internal fault. Second, that this current differs from an internal fault current insofar as its waveform comprises a high percentage of second harmonic.

A relay designed to detect the second harmonic component in the magnetising inrush current can be made to utilise this as a means of discrimination between internal fault currents and magnetising inrush conditions. 

Fig.   Shows a Wedmore filter circuit, this filters out fundamental frequency and gives a resultant output equivalent to twice the second harmonic content of the waveform.  The latest sample is added to the sample received 10ms previously. An output is produced when even harmonics are applied and produces no output, when the waveform is established, for fundamental and odd harmonics. The method is only suitable for waveforms with negligible dc offset – a dc filter is therefore included in the algorithm.

6.2. Restricted Earth Fault Protection

The difficulties inherent in the provision of an adequate earth fault sensitivity in the overall differential protection system often require that restricted earth fault protection should be added to both windings of the transformer.

Restricted earth fault protection is a high impedance scheme, fault settings are usually specified as follows:

When the protected winding of the transformer is connected to a solidly earthed power system, the fault setting should be between 10% to 60% of the rated current of the protected winding.

When the protected winding of the transformer is not connected to a solidly earthed power system, the fault setting should be between 10% to 25% of the rated current of the protected winding.

6.3. Overcurrent Protection

Back-up overcurrent protection is provided on transformers to disconnect fault infeed to the transformer for

Uncleared LV busbar and feeder faults 

Transformer faults

LV connection faults.

The degree of protection afforded by an IDMT overcurrent relay is somewhat limited when applied to a transformer. Since the relay must not operate under emergency loading conditions it requires a high current setting (often about 200% rating). Also, the time setting may have to be high in order to grade with other overcurrent relays on the system. Clearly overcurrent relays provide negligible protection for faults inside the transformer tank, and may be very slow even for terminal faults where high fault currents are involved.

On large transformers, therefore, overcurrent relays are usually employed only as back-up protection for terminal faults, or uncleared LV system faults. In such cases the overcurrent relays may be installed on one or both sides of the transformer, according to requirements.

To save cost and to improve discrimination of transformer overcurrent protection, 2-stage overcurrent protection is sometimes employed. An IDMTL relay is used, usually energised from current transformers on the HV side of the transformer - the source of infeed. Operation of this relay simultaneously initiates tripping of the l.v. circuit breaker and a timer. If fault current continues to flow after the l.v. CB has opened, the timer will still be energised and an output contact of the timer is arranged to trip the HV CB. Measures are taken to ensure fast resetting of the timer element upon cessation of fault current.

Provided the fault current infeed is from the h.v. side of the transformer a separate l.v. overcurrent relay and associated CTs can be dispensed with: However, where there is a possibility of an infeed from the l.v. side, separate l.v. protection is retained.

Correct discrimination of overcurrent relays must be assured for all fault conditions. In the case of the LV phase-phase fault it can be shown that whilst the LV relay may only see 86.6% of the equivalent 3 phase fault current, one of the HV phases will pass 100% of the 3 phase current see fig 9. Thus, the grading time is affected by the HV relay having a higher PSM than the LV relay if they are set at equivalent current settings. The setting practice adopted is to make the grading calculation on the assumption that the HV relay “sees” the 3 phase LV fault infeed but the LV relay “sees” only 0.866 of this value, see fig. 10.

6.4. Directional Overcurrent Protection

Directional overcurrent relays are used at transformer installations as “line protection” where the 132kV source circuit breaker is equipped with a non-unit protection e.g. distance or high set overcurrent.  Where a 132kV feeder unit protection utilises a third party for its communication channel (e.g. BT) then directional overcurrent (DOC) can be justified as a back-up to the line protection.

It is necessary to achieve DOC relay operation for the most remote “in-zone” fault with minimum source fault level.  With numeric DOC relays the settings can be reduced, to improve sensitivity, without the encumbrance of thermal considerations. The introduction of BEBS T2 random/parallel tap change scheme, with all its complexity, was designed to only allow one tap step difference between parallel running transformers and so generally overcame this problem.

Directional overcurrent applied to the LV side of paralleled transformers gives a discriminative back-up protection for transformer LV faults not achieved by plain overcurrent relays. When two transformer of equal impedance are in parallel each contributes the same fault current infeed to an LV side fault.  Should this fault be on the LV connections of one transformer it is likely that both the healthy and faulty transformers would be tripped if their IDMT overcurrent relays operate (assuming a failure of the overall differential protection if fitted). With the DOC relay being stable (non-operable) for the normal direction of load current flow, the current setting applied can be less than the transformer load rating. 

The DOC relay, in common with automatic voltage control, instrumentation, low frequency tripping, delayed auto reclose etc. is fed from a 3 phase, unearthed 3 limb VT connected on the LV side of the transformer.  The 3 pole DOC relay usually shares the LV overcurrent relay (if fitted) CTs and operates for HV phase and earth faults.  The latter appears as phase to phase fault currents on the transformer LV side.

6.5. Standby Earth Fault Protection 

Back-up protection against LV earth faults can be provided by an IDMT type relay energised from a current transformer connected in the power transformer LV neutral. The relay should have a time setting high enough to discriminate with the LV network protection, and be arranged to trip the transformer in the event of sustained LV fault.

Where current limiting resistors are used for system earthing it is felt necessary to protect them against over-heating. The same requirement exists for the interconnected star winding used to provide the artificial star point in the case of the delta connected winding of the main transformer.  Both devices generally have a time rating of 30 sec at maximum current and can suffer damage if an earth fault is allowed to persist beyond this rated time.  Relays of the long time inverse characteristic are used for the dual function of:-

i) system earth fault protection ---to protect the LV busbars and provide back up protection for the transformer LV winding and its LV connections and

ii) to protect the earthing transformer and earthing resistor against overheating

Two relays are provided for the above and called ‘standby earth fault protection ‘ (SBEF): the individual relays being referred to as Stage 1 and Stage 2.  Stage 1 relay is arranged to trip the transformer LV circuit breaker and thus operate for earth faults on the local busbar but also provides a measure of back up protection for uncleared feeder faults.  Stage 2 relay provides back up protection for the transformer LV winding and its LV connections and trips the HV side.

The earthing transformer and resistor, usually a liquid neutral earthing resistor (LNER), are selected to have a current rating equivalent to the main transformer. A 60MVA, 132/33kV transformer would have its earthing transformer interconnected star primary winding and LNER rated at 1000 AMPS for 30 sec, matching the full load current of the main transformer 33kV winding (1050 amps). The LNER nameplate resistance setting would be 19.1 Ohms, thus limiting the earth fault current to this value. The LNER has a negative temperature coefficient i.e. its resistance drops as the temperature increases.

The settings used throughout the industry are typically:-


Standby E.F. Stage 1
15%
0.2TM


Standby E.F. Stage 2
20%
0.4TM

Using a long time inverse relay and LNER set to limit the earth fault current to 1000A gives operating times of:-


SBEF Stage 1 ---- 5.6 sec.


SBEF Stage 2 ---- 14.2 sec.
}
- very slow!

If the main transformer is changed it is common practice to replace the earthing transformer and LNER with new ones to suit the replacement transformer LV current rating.  However, this policy is not always adhered to. Where the ratings of earthing transformer and LNER are standardised i.e. a standard current rating for transformers of the same transformation voltage irrespective of transformer rating.  This results in cost savings and allows IDMT earth fault protection grading to be unaffected by changes in transformer size during reinforcement.

6.6. Mechanical Protection

6.6.1. Winding Temperature Protection

Large transformers with forced cooling are usually fitted with winding temperature devices to detect overloading of the transformer or failure of the cooling equipment. The winding temperature instruments are generally two-stage devices, stage 1 is arranged to start cooling fans and pumps, and to give an alarm, stage 2 trips the LV circuit breaker.

6.6.2. Gas Generation and Oil Surge Protection

All faults within the transformer tank give rise to generation of gas, slow for minor or incipient faults or violent in the case of heavy faults. Gas production from heavy faults forces the transformer oil to surge back into the oil conservator.

A two stage “Buchholz” device is used to detect gassing or oil surging conditions. Stage 1 is arranged to alarm and stage 2 to trip the HV and LV circuit breakers.

6.7. Protection Schemes

Figures 6.8.1 and 6.8.2 show typical protection schemes for an HV and MV transformer respectively. The major differences for the MV scheme being:-


i)
Overall differential protection not used

ii) Only one stage of SBEF protection using an IDMT relay, not LTI

iii) Use of NVD protection on transformer feeders

iv) IDMT overcurrent/earth fault protection and HV instantaneous earth fault protection often only provided at source, not separately provided on HV side of transformer,

v) Transformer auto opening HV isolator initiated from HV trip relay repeat timer but operation interlocked with LV voltage and transformer fault throwing switch current.

For an LV transformer, economics usually limit the protection to an HV overcurrent relay or fuse. A fuse switch or moulded case circuit breaker (MCCB) is used on the LV side.

7. TRANSFORMER FEEDERS

It is common for transformer-feeders with non-unit feeder protection to rely on “fault throwing switch” intertripping.  The operation of DOC relays on teed transformer circuits then needs to be assured not only for the most remote line fault but also for the most remote fault thrower operation.

7.1. High Set Overcurrent Protection

Due to the relatively high impedance of the transformer compared with the feeder, Fig 5, whether overhead line or cable, it is often possible to apply the simplified form of protection offered by a high-set overcurrent/earth fault scheme at the source circuit breaker.  Fig 6.

This instantaneous overcurrent/earth fault protection would:-

a) Operation for faults up to the transformer end of the circuit, even under minimum fault infeed conditions.

b) Would not operate for faults on the LV side of the transformer, even under maximum infeed conditions.

c) Would not operate due to magnetising inrush current when the feeder transformer was switched in.

d) Would not operate for earth faults on the adjacent circuits (or 132kV busbars) as a result of zero sequence current flowing via the transformer HV neutral into the fault, and

e) Would not operate due to (d) above when followed by positive and negative sequence currents flowing via the healthy feeder into a parallel transformer feeder circuit fault prior to its LV circuit breaker opening (the HV CB having opened first).

In the latter case the overlap time of the earth fault relay resetting and the operation of phase fault relays could cause a mal-operation on the healthy circuit when both relay contacts are momentarily closed. In the case of (d) a study of the zero sequence fault network drawn for the earth fault conditions shows that the transformer neutral provides a path for zero sequence current flow. Although these currents are “out-zone” as far as the feeder is concerned the zero sequence current flows through the "healthy" feeder CTs and hence into the earth fault relay circuit.  The setting of the earth fault relay has to be either above this current (3Io), or special measures taken to avoid operation under this condition. The usual method is to introduce a star-delta interposing CT, with the delta winding acting as a shunt for zero sequence current, and the relays E1 and E2 assigned as earth fault protection.. Their contacts are arranged to operate in series to trip.

Should there be any “back feed” on the LV system (from local generation or LV interconnection) then the protection has to be set to remain stable for out-zone Ø – Ø or 3 phase faults.

The introduction of the star-delta interposing CT into the scheme provides a current output from the delta winding of equal magnitude (in one of the phases) for 3 phase or Ø – Ø faults.  Thus, although the Ø – Ø fault has a magnitude of 86.6% of the 3 phase fault the relay connected on the delta winding “sees” a current in one of its elements of equal magnitude for both fault types.

The ESI standard 41-15 part 4 describes this protection scheme and gives guidance on settings and the method of fault calculation necessary for its application.  It notes that the relays used should have transient free, high “drop-off ratio” characteristics so that the effects of the dc offset in fault and transformer magnetising inrush currents will not cause unwanted operation.

On 33kV transformer feeders since the transformer HV winding is unearthed the high-set overcurrent/earth fault scheme can be considerably simplified with no requirement for the star/delta interposing CT or dual earth fault relays E1 and E2.

7.2. Distance Protection

The lumped impedance of a remote transformer allows zone 1 to be set to reach into the transformer windings. A setting can be found which covers the whole feeder length and does not overreach into the LV busbars. Instantaneous tripping can be achieved for all transformer feeder HV faults.

8. SYSTEM AUTO-SWITCHING

The term ‘auto-switching’ has been used to describe the functions of:

i) Auto reclosing – at distribution voltages 3 pole reclosing is used.

ii) Auto isolation - the automatic isolation of plant, made ‘dead’ by protection operation, and

iii) Auto close - the closing of circuit breakers or load making isolators to put healthy plant into service following a fault incident.

8.1. HV Auto-Reclosing

Up to 80% of all faults on overhead lines are transient it is common practice to install DAR equipment on HV overhead line circuits and transformer-feeders.

Reclosing at HV is typically time delayed to allow time for the arc products to clear and/or for the automatic isolation of faulty transformers. With the possibility that the opening time of transformer automatic isolators may be extended beyond the nominal time, due to icing, a time delay of 15 sec. is usual for the HV source circuit breaker DAR.

In the case of transient faults on transformer-feeders it is also necessary to close the transformer LV circuit breaker once the line has been re-energised.  For this purpose a DAR relay is used which on ‘seeing’ the reappearance of transformer LV voltage closes the circuit breaker, after a short time delay.  The transformer-feeder is thus returned to service in the order of about 18-20 sec. after the fault, having first closed at the HV source. Fig 17, 18.

DAR schemes evolved over the years from schemes employing many individual relays, to the composite relay used today.  Scheme options for HV feeder breakers incorporate checks to prove:


i)
Absence of line volts ‘dead line’

}with or without reference


ii)
Presence of  line volts ‘live line’

}to busbar voltage


iii) 

Absence of busbar volts ‘dead bus’

vi) 

Presence of  busbar volts ‘live bus’

iv) or the busbar voltage and line voltage being in synchronism 

before the auto reclose sequence proceeds.

In all cases the initiation of the DAR sequence commences from a protection operation, usually with dependence on the circuit breaker having been closed and the feeder alive before tripping.

All DAR schemes have parts of their logic which perform certain functions:-

i) Initiation e.g. from line protection and intertrip receive (for a transformer-feeder)

ii) Inhibition e.g. DAR sequence held awaiting the removal of the intertrip signal from the remote transformer, awaiting air pressure recovery in the case of air blast circuit breakers, awaiting the resetting of electrically reset trip relays etc.

iii) Close Pulse, which puts a timed, usually 2 sec. pulse, onto the circuit breaker closing circuit.

iv) Reclose cancel, which resets the DAR scheme to normal following the close pulse to the circuit breaker.

The reclose cancel and close pulse timing relays also function to ensure that the circuit breaker is not auto-reclosed more than once onto a permanent fault.  This is achieved by interrupting the initiate circuit for a fixed time delay.  It also ensured that the circuit breaker would not be called to operate for a second transient fault occurring within the time setting, usually called the ‘reclaim time’, set at 4 sec.

At busbar substations certain protections are usually arranged to prevent DAR operation by having contacts which open in the initiate circuit.  These are:-

i)
Busbar protection

ii)
Buchholz protection on Feeder electromagnetic (wound) VT’s

iii)
Feeder distance protection Zone 2 & 3 operation

Schemes also incorporate a manual-closing relay that prevents a DAR operation should the circuit breaker be closed from a manual control position onto a fault.

Interfacing between delayed auto-reclose facilities and synchronising facilities is required where check synchronising relays are installed. Auxiliary relays are arranged to automatically select the secondary voltages from line VT’s onto buswires dependent on the busbar selection of each circuit.  Thus, a true and automatic ‘mimic’ of the busbar running voltages is available for both the operator and for use in DAR schemes. 

The introduction of the ‘J’ unit overcame this deficiency by requiring that the transformer LV volts disappear before allowing the sequence of DAR to continue on re-energisation of the transformer.

The ac voltage monitoring relays within the DAR relay were designed to have a pick up value of not more than 40% and drop off value of not less than 15% of nominal voltage.

8.2. MV Auto- Reclosing

There are less complications in applying auto-reclose to lower voltage circuits. Check synchronising is not required and there are fewer interlocks.

In rural areas long journeys may be involved to replace fuses, in consequence, the supply may be interrupted for long periods. Automatic circuit reclosing is extensively applied to increase security of supplies.

8.3. Sectionalisers

A device used to isolate faulty sections of a recloser protected network without employing fuses. The sectionaliser functions by counting the passage of fault current pulses let through by the recloser, after a pre-set number of pulses  the sectionaliser is arranged to open automatically during the ‘dead time’ of the associated recloser, thus isolating the fault before lockout of the recloser occurs.

8.4. Auto-Isolation

8.4.1. Transformer HV Isolators

Motorised isolators using electro-hydraulic driving mechanisms (either 110V dc or 3 phase 415V motors) are used for transformer or line auto isolation, reserve busbar sectionalising at double busbar substations and as sequential isolators for pressurised head circuit breakers. Current ratings of 800 – 2000A are normal, with operating times of 3 – 10 seconds achieved in normal climatic conditions. During cold weather and icy conditions the operating times can be considerably increased.

On a transformer-feeder circuit the satisfactory clearance of a transformer fault relies upon the remote 132kV breaker tripping as a result of an intertripping signal, or detection of fault throwing switch operation. If the intertrip fails at the crucial time then the transformer fault remains fed from the HV system.

The HV isolator is arranged to open after a time delay following checks to ensure that no HV neutral current is flowing or that no LV voltage is present. 

Older installations were arranged such that the transformer HV isolator automatically opened after 1 or 2 seconds whether or not the remote circuit breaker had tripped. Under these conditions the HV isolator was termed a ‘fault interfering’ or ‘sacrificial’ isolator.

8.4.2. Intertripping and Auto-Reclose

A function of the transformer HV trip relay is to initiate the ‘intertrip send’ to the remote circuit breaker or to operate a fault throwing switch release coil, depending upon the intertripping method employed. In the former case if the transformer isolator is motorised and automatically opens for transformer faults the automatic electrical resetting of the trip relay is conditional upon the isolator fully opening. Full travel is checked by using both a normal auxiliary switch and a bolt interlock auxiliary switch in the isolator, wired in the trip relay reset circuit. Thus, when an intertrip system is used the intertrip signal persists until the isolator has fully opened under motorised/automatic control. At the remote circuit breaker the intertrip signal, whilst causing the breaker to open also primes the automatic reclose circuit but prevents automatic reclosure until removed. In so doing it ensures that the faulty transformer has been satisfactorily isolated before the line is re-energised.

In those cases where the transformer isolator is manually operated, or omitted, the intertripping signal is arranged to persist for a longer time by delaying resetting of the transformer HV trip relay and thus signalling to the remote auto-reclosing equipment a permanently connected transformer fault. Auto-reclose is thus prevented for transformer faults and only allowed for feeder faults.

8.4.3. Trip Relays and Trip Relay Resetting

HV trip relay automatic resetting has to be inhibited for the operation of relays, such as Buchholz, which would not reset immediately the fault cleared. Both operate and reset coils of the trip relay would otherwise be simultaneously energised leading to overheating and failure.

Where transformer HV automatic isolation is not fitted the HV trip relay can be arranged to trip both the HV infeeds and also the LV circuit breaker. With the use of transformer HV automatic isolation a separate trip relay is installed to trip the LV circuit breaker, typically a self reset relay with a 2 second reset time delay. The time delay being required to ensure the opening of the LV circuit breaker for those protections which may instantaneously reset when the HV breaker is tripped and also to allow for the slower opening times of older LV breakers.
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