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1. Introduction

This section of the course is intended to give an overview of the Protection requirements of Transmission Systems and the factors that influence the design of protection for such systems. 

While other parts of the course look specifically at different types of protection or at the protection of a particular type of equipment, this section examines how the various types of protection fit together in order to provide a comprehensive, cost effective solution for any given Power Transmission System. This is not intended as a comprehensive guide to all the protection arrangements used on a transmission system, but rather to show some of the points to be considered when designing protection systems.

2. Transmission System Protection Requirements.
Broadly speaking, a protection system is required to operate for faults within the protected equipment, and remain inoperative for healthy plant conditions or faults outside the protected equipment. The main considerations when designing protection for a transmission system are;

a. Fast, accurate fault detection. Any fault must be removed as quickly as possible to prevent risk of damage to healthy and faulty plant and prevent individual generators in a power system losing synchronism with one another leading to widespread splitting of the system.

b. Discrimination. Protection systems and plant layouts should be designed to maintain continuity of supply to as much of the network as possible. When the protection does operates it should remove the minimum amount of equipment from the system to isolate the fault, thus minimising disruption of the power system. Again, this helps to avoid loss of synchronism between generators and the consequent splitting of the network. The quality of a protection system to remove the minimum amount of plant necessary to isolate the fault, leaving healthy plant in service, is known as discrimination. This is not always an easy task as faults can affect both healthy and faulted plant in similar ways.

c. Ensure cover in the event of the failure of a protection system. If for some reason the main protection system fails to operate there must be some sort of back-up system which will ensure that a fault is still removed under these circumstances

d. Provide a cost-effective solution. Obviously, safety is paramount in a power system (especially at higher voltages), but the more cheaply that a solution can be achieved the better.

Unfortunately, these criteria are often at odds with one another – providing additional back-up protection costs money, speed is often reduced by the need to ensure stability, etc. The relative importance of each of these considerations will depend upon the nature of the power system. In transmission systems, capital costs of plant are greater, energy levels are higher and any loss of equipment will have a big impact on the overall network, since the equipment is “higher up” in the electricity supply network. It is vital to retain synchronism between generators, and high fault levels mean that the consequences of a fault are extremely serious (for both healthy and faulted plant) and replacing damaged equipment is more expensive than at lower voltages. Thus, the protection must be as fast as possible whilst still ensuring good discrimination. When considering the cost of a protection system, the cheapest system that provides comprehensive protection and fulfils all of the above criteria will be chosen – but technical considerations are secondary to financial ones.

3. Transmission Systems Protection Philosophy.

Transmission protection policy will obviously depend upon the voltage levels, earthing arrangements, amount of interconnection and many other factors in the transmission system under consideration. These considerations will differ from country to country. The protection systems considered here will be based upon UK practise, but general principles are, broadly speaking, the same. 

The philosophy when specifying transmission systems protection in the can be summed up in this quote from the UK’s National Grid Technical Specification 2.6, Section 3;

“…no single failure of protection and it’s associated tripping system shall permit a fault to remain connected to the primary system. In this context, failure to operate shall mean failure to operate within a specified maximum operating time or in a time whereby other protection which should not normally have operated, has sufficient time to perform a correct back-up function.” 

In real terms this means that two independent high speed protection systems are provided for each item of plant, each of which is has it’s own independent tripping circuit energised from a separate D.C. supply. These two protection systems are referred to as the Main protections. Wherever possible these protection systems shall preferably operate on different principles and be of different hardware platforms, to provide greater reliability. 

In addition to these two systems, back-up protection should be provided independently of the main protection. The back-up protection will be inherently slower than the main protection and will operate in the event that the main protection.

Finally circuit breaker fail protection shall also be provided in the case of failure of either the circuit breaker or it’s associated tripping circuit.

At the lowest transmission voltage of 132kV a single, high-speed protection with independent back-up is required unless otherwise specified. 

4.  Design Considerations.

4.1. General Technical Factors

Sections 2 & 3 have considered transmission system protection from a general point of view.  

There are a number of other technical considerations which need to be taken into account when considering the suitability of a particular type of protection for a given system, 

4.1.1. Nature of Protected Plant.

The primary plant covered by the protection may contain factors which could alter the effectiveness of a particular type of protection. For instance, lengths of cable in OHL feeders will prevent the use of power line communication carrier equipment. Banked transformers and tee’d feeders complicate the standard protection configuration, and any saving in switchgear will be offset by increased complexity of the protection requirements.   

4.1.2. Fault Conditions.

The maximum and minimum fault currents at a given point in the system are required in order to determine sensitivity & stability requirements. It should be ensured that the protection setting range is suitable to provide adequate cover.

4.1.3. Normal Operating Conditions.

The full range of normal operating conditions should be taken into account to ensure that the protection system does not mal-operate for non-fault conditions. In addition to the maximum expected continuous load current (which will determine the thermal rating of the equipment), factors such as the charging currents of overhead lines and magnetising inrush currents of transformers should also be taken into account to ensure that the protection system remains stable. 

4.1.4. Integration with other Protection systems.

There are a number of protection systems working in parallel with one another and there will be areas of overlap where more than one system can operate for a particular fault. It should be ensured that where such an overlap exists, the grading margins between protection systems are sufficient to ensure that the system retains discrimination. This is especially pertinent in Transmission systems where duplicated and overlapped protection is necessary.

4.2. Availability of Signaling channels.

This is a major consideration when considering any protection system which uses measurements taken at more than one point of the power system or any system which requires signaling from a remote point on the power system. The information to be transmitted, the length of the feeders and the feasibility and cost of various types of signaling channels should all be taken into account.

4.3. Instrument Transformer Positioning 

The positioning of instrument transformers is another important aspect of the protection system.

In order to ensure comprehensive protective cover for a system it is usual for the protection zones to overlap one another. In the above diagram it can be seen that incorrect CT selection leads to unprotected sections around the circuit breakers. Care needs to be taken when arranging the zones of protection to avoid a loss of discrimination when zones overlap one another.

5. Main & Back-up Protection Applications.

5.1. Feeder Circuits.

The three main factors governing the choice of protection for feeders are the length of the feeder, availability of signaling channels, and the type of feeder (overhead line or underground cable) that constitutes the line.

At Transmission voltages there should be two independent protection systems each having a separate tripping system and a separate DC supply – where possible these two systems should have different principles of operation, and where signaling is required between ends the 

communication media should be as diverse as possible.  

At sub-transmission voltages (132kV) a single main protection should be used. 

IDMTL back-up overcurrent protection is normally applied for feeder back-protection. Distance protection will provide back-up cover via time-stepped zones 2 and 3. Where two current differential protection systems are applied a second back-up 2-phase overcurrent system will also be used.

Circuit breaker fail will be applied in the case where the circuit breaker or it’s associated trip circuit fails to trip the appropriate breaker within a given time.

Typical feeder protection systems are shown on pages 10 & 11 of the accompanying presentation.

5.1.1. Long Overhead Feeders (30-200km) 

The ideal protection arrangement would be one distance protection system and one current differential system. In view of the long distances involved, a power line communication carrier (plcc) would be the preferred choice for end-to-end signaling for the current differential system. However, it is worth noting that power line carrier equipment is expensive and so, up to about 40km a voice frequency phase comparison system could be used instead, transmitting along a rented pilot. However, the distance protection may use a similar signaling channel for it’s acceleration/blocking channel and the diversification may be lost.  Accelerated tripping schemes, where the time delays on zone 2 are removed on receipt of an acceleration signal from the remote end are preferred to blocking schemes, as their operation is further removed from the current differential system.


Back-up protection is supplied by a single IDMTL system, and provided inherently by time stepped distance protection at the remote end.

5.1.2. Short Overhead Feeders (Up to 30 km)

The choice of protection for feeders less than 30km long is broader than that for longer feeders. The main factor in this case is the availability of signaling channels because at these distances privately owned pilot wires become feasible. Two pilot wire systems would be the preferred type of protection, using privately owned separately routed pilot wires and relays from different manufacturers (or built on different hardware platforms) to ensure diversity between first and second main protection.

If private pilot wire cables are not available then power line carrier or distance protection can be used, but both systems are more expensive than current differential protection. Also for very short feeders (below 6km) distance protection may be unsuitable, because at these low impedances setting the relay becomes more difficult.   

In situations where distance protection is not used an additional 2-phase overcurrent relay will also be applied.

5.1.3. Underground Feeders

The considerations for underground feeders are similar to those for short feeders. Pilot wires tend to be used as these can be laid at the same time as the feeders themselves (usually in separate trenches to reduce electromagnetic induction). The main problem when protecting cable feeders is the high charging current of the cable. The current setting should be several times the steady state charging current to ensure that high transient charging/discharging currents in the primary cable do not cause mal-operations under external fault conditions. Distance protection can be used, though it must be set to the low characteristic angle of the line.  

As before, where intertripping or signaling channels are used they should be routed diversely wherever possible.

Back-up protection will be exactly the same as for the short feeder.

5.2. Transformer Circuits.

The philosophy is the same as for feeder circuits. Two independent protection systems using different principles wherever possible, and separate back-up protection. In addition to this the Transformers will employ mechanical protection devices which are sensitive to gas and oil pressures i.e. Buchholtz protection, and winding temperature monitoring.

When setting transformer protection it should be borne in mind that the protection must be able to take account of any voltage control equipment (i.e. a tap change with a range of +/-20%) and should be stable for magnetising inrush currents.

5.2.1. Two-Winding Transformer

A common set of CTs are used for both First and Second main protection. A biased differential protection will provide fast earth and phase fault protection for the HV and LV side of the transformer. The other main protection system will consist of restricted earth fault protection on the HV and LV windings respectively. This system will be faster than the biased differential protection but will not provide protection for two-phase faults clear of earth.

A 2-stage overcurrent scheme will be applied for back-up protection which uses a single CT on the HV side of the transformer only. It is made up of two elements, an IDMTL element which is set to operate for faults on the LV side of the transformer and trip the LV breaker, and a DT overcurrent element that is arranged to trip the HV breaker. This arrangement allows closer grading between the HV & LV back-up overcurrent protection, i.e. 0.2 seconds rather than 0.5 seconds. 

HV Connections protection will be applied to cover the area between the busbar and the transformer bushings. If this distance is short the overall biased differential scheme could be extended to encompass these connections but, would be slower and less discriminative then a separate connections protection.

A single line diagram showing the applied protection is given on page 15 of the presentation.  

5.2.2. AutoTransformers

In the case of a Auto-transformer, protection is similar to that for a two winding transformer, except that overall protection is provided by an unbiased differential system on a per phase basis, giving fast coverage for both earth & phase faults. The other main protection will be made up of HV and LV restricted earth fault systems, and overcurrent protection and connections protection will be as for the two-winding transformer. 

A single line diagram showing the applied protection is given on page 13 of the presentation.  

5.2.3. Banked Transformers.

Where two similar transformers are banked together on the same circuit it may be possible to use the same overall differential system for both, but there may be problems in getting sufficient 

bias current. No more than two banked transformers can be protected by the same protection system.

Current differential protections are a possibility, but it should be ensured that the magnetising current of the CTs including any interposing transformers does not affect the sensitivity and stability of the protection.  

5.3. Teed Feeders.

In situations where a tee-off point is taken from a feeder, a number of problems arise from the protection point of view. For short feeders, fast differential protection (under 40ms) can be applied using a communications channel with a wide bandwidth (private pilots, power line carrier or microwave link). Current transformers installed at the T-point are sometimes used to split the feeder into two or more protection zones – these are used particularly where the three feeder sections are under 5km in length.  

This system can lead to relatively long fault clearance times, and can be very costly especially if the overhead lines have to be terminated in a compound solely to allow post type CTs to be installed at ground level.

Installing a directional comparison system that works by detecting the power flow at each end of the protected feeder, inhibiting tripping if power flows out of the feeder at any one end.

Accelerated or blocked distance protection offers a more versatile form of protection. For diversity one main protection should use accelerated tripping and the other should be blocked. A symmetrical teed circuit with the tee-off point in the centre is easier to protect than one with a tee-off point closer to one end as the settings are harder to choose.   

5.4. Transformer Feeders.

The transformer feeder is a special case where a transformer is connected directly to a transmission circuit without the intervention of switchgear. This is a trade off – savings are made on the switchgear, but the protection system must be more complex to take account of this arrangement.

Where transformer feeders are short (less than 2km) it may be possible to include the feeder in the associated transformer differential protection zone in which case the protection will be identical to that for a transformer. This does reduce the discrimination of the system.

Busbar Arrangements

Busbars are junctions points in the transmission system presenting the interconnections for a number of circuits and thus have a number of sources of infeed and. Thus at substations, fault levels are high, and the consequences to the rest of the network tend to be serious. Thus although busbar faults are rare, much effort is providing fast, discriminative busbar protection. 

Double busbars and mesh corners are the normal arrangements at transmission voltages. There are differences in philosophy when protecting each of these types of busbars. At double busbar stations, where loss of the busbar could affect a large number of circuits, two separate protection systems must operate in order to trip out the busbar. At mesh substations where there are fewer circuits connected and the operational consequences of incorrect operation are less severe a one out of two logic is applied.

5.4.1.  Double busbar station

At a double busbar station there will be one zone of busbar protection per section of the substation, and one check zone, which covers the entire substation. Protection would normally be an unbiased current differential scheme, utilising two relay elements per system with added protection to supervise the current transformers to ensure they are not open-circuited. The busbar protection is arranged to operate in a two out of two arrangement, i.e. one of the discriminating zones and the check zone must both operate in order to isolate the busbar. This arrangement provides security against the mal-operation of a single relay causing disconnection of the bus zone and any circuits connected to it. 

A typical double busbar protection system is shown on page 18 of the accompanying presentation.

5.4.2.  Mesh corner station

This is a little more complex. In this type of substation there are no busbars in the conventional sense, rather circuit breakers and connections form a ring with circuit being tapped off between the pair of circuit breakers which form the mesh-corner.

Feeder and transformer protection are applied as before, but the mesh corner equivalent of busbar and connections protection is provided in one system by the mesh-corner protection. Each mesh corner consists of two identical overall protection systems (with CT supervision) operating into separate trip circuits, as for the double busbar station. In this case more selective isolation is possible, as opening any two mesh-corner breakers will result in the isolation of the mesh corner and the one, or at most two circuits connected to it.  

In addition to this if the line and/or the transformer disconnectors are open, there will be a “stub” of unprotected metalwork between the line or transformer protection CTs and the disconnector. An auxiliary contact from the relevant disconnector is connected into the protection circuit, which isolates disconnected CT from the mesh corner protection. Separate protections are used to cover faults occurring in this “stub” – referred to as Transformer end or Feeder end protection, depending on the plant being protected.  

This is illustrated in the mesh corner diagram on page 19 of the presentation.        

6. Circuit Breaker Fail Protection.

The circuit breaker fail protection is intended to deal with the situation in which a circuit breaker fails to interrupt the current which it is carrying in spite of operation of a trip relay. This failure could be due to a mechanical fault within the breaker or a problem with the tripping circuit.

Whenever a trip signal is issued the circuit breaker fail operation cycle is started. If, after a set time delay (which must be long enough to allow for main and back-up protection operation plus a grading margin) current is still detected and the trip signal is still in place the circuit breaker is deemed to have failed and the circuit breaker fail scheme is activated. This will cause tripping of all circuit breakers connected on either side of the failed breaker – thus removing all possible sources of fault infeed. At double busbar substations tripping is initiated via the back-tripping system and at mesh type substations circuit breaker fail dc tripping circuits must be provided.   

A typical circuit breaker fail scheme is illustrated on pages 20 & 21 of the accompanying presentation.

CTs on busbar side of line Circuit Breakers


& near side of Bus Section Breaker





CTs on Line side of Line Circuit Breakers


& far side of Bus Section Breaker









































TRANSMISSION SYSTEM PROTECTION








